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Abstract 
When O2 uptake at the lung is used to characterise the oxidative metabolic response to 
increased contractile activity ( O2 kinetics) in exercising muscle, the O2 profile reflects the 
combined influence of all involved muscle fibres.  Consequently, during high-intensity 
exercise that mandates activation of fibres with considerable metabolic diversity (e.g., both 
principal fibre types), response characteristics specific to discrete segments of the recruited 
pool cannot be determined.  The purpose of this thesis was to identify fibre-type-specific 
effects of conditions that might impact O2 delivery and/or motor unit recruitment patterns 
on O2 kinetics by using two models that increase fibre recruitment homogeneity during 
exercise transitions.  In four experiments, subjects initiated high-intensity exercise from a 
moderate baseline (i.e., performed ‘work-to-work’ transitions; M→H) to target higher-
order fibres, and in two experiments, subjects cycled at extremely slow and fast pedal rates 
to skew recruitment toward slow- and fast-twitch fibres, respectively.  At mid-range 
contraction frequency, O2 kinetics (as indicated by the primary time constant, τp) was 
slower for M→H compared to unloaded-to-high-intensity transitions (U→H) (e.g., 42 v. 33 
s; Ch 4) and this slowing was ~50% greater for M→H in a supine body position (decreased 
oxygenation; Ch 6).  Slower kinetics was also present for U→H cycling at fast compared to 
slow pedal rates (τp, 48 v. 31 s; Ch 8).  Conversely, M→H slowing relative to U→H was 
absent at extreme cadences (36 v. 31 s and 53 v. 48 s for slow and fast, respectively; Ch 7).  
After ‘priming’ (increased oxygenation), τp was reduced for U→H after fast-cadence 
priming only (Ch 8) and for M→H in the supine position (Ch 6), but unaffected for upright 
cycle and prone knee-extension M→H, for which priming reduced the O2 slow component 
and delayed-onset fibre activation (as indicated by iEMG; Chs 4 and 5).  These results 
provide evidence in exercising humans that high-order fibres possess innately slow O2 
kinetics and are acutely susceptible to interventions that might alter O2 delivery to muscle.
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Chapter 1 Introduction 
 
Every time American swimmer Michael Phelps exploded off the starting block at the 2008 
Olympic Games in Beijing, energy was utilised by his contracting muscles.  Energy is 
defined as the capacity of a physical system to do work and bringing home eight gold 
medals attests to the fact that Phelps performed a considerable amount of muscular work in 
the pool.  However, muscular work is also done whenever we blink an eye or take a breath, 
so it is safe to say that energy is the essence of our very existence.  The first law of 
thermodynamics states that energy can neither be created nor destroyed.  However, it is 
possible to convert energy from one form to another and Phelps’ ability to do so was, no 
doubt, one of the key elements responsible for his success.  Humans consume chemical 
energy in the foodstuffs they ingest and convert this potential energy into a usable form 
through a series of complex enzymatic reactions.  The end result is mechanical energy that 
manifests when contractile elements within muscle cells develop tension (contract) to 
facilitate movement.   
 
Bioenergetics in the human machine 
The only substrate that can supply the chemical energy required to drive contraction in 
mammalian skeletal muscle is adenosine triphosphate (ATP).  Energy is transferred to ATP 
from energy-yielding reactions within the body and ATP then donates this energy to 
reactions that require it to perform work.  There are three energetic systems that ensure 
ATP availability to the contractile machinery.  The immediate system includes a small 
amount of stored ATP and another high-energy compound (phosphocreatine; PCr) that can 
be degraded to rapidly rebuild (phosphorylate) ATP from the by-products of ATP 
breakdown (adenosine diphosphate and inorganic phosphate; ADP and Pi,, respectively).  
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The nonoxidative glycolytic system utilises carbohydrate fuels that can also be broken 
down quickly through a series of reactions that supply ATP in association with the net 
formation of lactic acid from the reduction of pyruvic acid.  When glycolytic flux is slower 
(energy demand per unit time is less), the same series of reactions can be used with pyruvic 
acid oxidised and lactate equilibrium maintained.  Unlike the immediate and nonoxidative 
glycolytic pathways, however, this form of glycolysis requires O2, which must be delivered 
from the atmosphere to mitochondria in muscle fibres where cellular oxidation takes place. 
Collectively, these three systems afford the capacity to satisfy a wide range of energetic 
requirements.  The immediate and nonoxidative glycolytic systems allow for the 
performance of substantial amounts of work in a short period of time (high power output), 
but have a finite capacity because they rely on phosphorylation at the level of limited 
substrates and/or are associated with the accumulation of deleterious metabolic by-
products.  Oxidative phosphorylation has no such limitations and is, therefore, capable of 
satisfying metabolic demand for prolonged periods, as long as glycolytic flux rate is not 
excessively fast and sufficient O2 can be delivered to and utilised by the muscle 
mitochondria. 
 
O2 delivery to and utilisation in skeletal muscle fibres        
The cardiovascular and ventilatory systems are responsible for supplying O2 to support 
cellular oxidation in muscle mitochondria.  The convective transport of O2 from 
atmosphere to muscle is a function of pulmonary ventilation, arterial oxygenation, 
haemoglobin concentration, cardiac output, muscle blood flow and the spatial distribution 
of that blood flow to active fibres.  Once O2 is delivered, its diffusion into mitochondria is 
determined by muscle capillarity and the O2 gradient that exists between capillary and 
mitochondria.  Finally, O2 utilisation within mitochondria depends on mitochondrial 
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density, oxidative enzyme activity and metabolic substrate supply.  Skeletal muscle O2 
uptake can, therefore, be influenced by many factors along this ‘O2 cascade’ transport 
route.        
 
O2 uptake kinetics 
When muscular work is abruptly increased, muscle O2 uptake must also rise to allow 
oxidative phosphorylation in active muscle mitochondria to support the increased ATP 
demand.  This increase in O2 uptake follows an exponential response profile, which 
indicates the establishment of an initial error signal (difference between required amount 
and the amount presently consumed) and a rate of change at any response stage that is 
proportional to the magnitude of the ever-changing error signal at that point in time (see 
Figure 1.1). 
 
An exponential profile is effective for ensuring a rapid response because it means that the 
highest rate of change will occur when the difference between what is required and what is 
available is the greatest.  However, an exponential response (as opposed to a square-wave 
response where target demand is attained instantaneously when the change in requirement 
occurs) also guarantees that a shortfall will be present until the response reaches fruition.  
In contracting skeletal muscle, this ‘O2 deficit’ is satisfied by ATP derived from non-
oxidative sources.  A faster oxidative response that incurs a smaller O2 deficit is, therefore, 
beneficial because it reduces the need to rely on energetic alternatives that have inherent 
limitations.  O2 uptake kinetics is the study of the rapidity with which O2 consumption in 
skeletal muscle adapts in response to a change in metabolic demand and the factor(s) along 
the O2 transport/utilisation route that can potentially rate-limit this response.  
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Figure 1.1: In response to a step increase in muscular work, synthesis of ATP via oxidative 
phosphorylation must increase to meet the newly established requirement. The 
associated rise in oxygen uptake follows an exponential response profile that 
instantaneously adjusts to the ever-changing error signal (difference between 
required amount and the amount presently consumed).  See text for further 
details.  
 
Measuring O2 uptake 
Ideally, the oxidative response in the contracting muscles of exercising humans would be 
assessed by the direct measurement of mitochondrial O2 consumption.  Unfortunately, 
technical limitations currently prevent this evaluation.  Using the Fick principle, O2 
consumed across an exercising limb can be measured in vivo by simultaneously 
determining muscle blood flow in conjunction with blood O2 content at arterial and venous 
sampling sites.  However, while the findings from studies that have utilised this technology 
have been very insightful, the type of exercise that can be performed and the invasive 
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nature of this procedure prevent its use during ‘normal’ exercise conditions.  Similarly, 
measurement of O2 consumption in surgically isolated single muscle groups, muscles and 
even muscle fibres have also proved vital for furthering our understanding of the oxidative 
response in muscle.  However, intrinsic factors critical to the process in vivo (e.g., muscle 
fibre recruitment via nervous innervation) are artificially manipulated in these preparations; 
therefore, some ecological validity is surely compromised.  With appropriate caveats, 
whole body O2 consumption measured at the mouth (i.e., pulmonary O2 uptake; O2) has 
been shown to closely reflect the kinetics of O2 consumption in active muscles (Barstow et 
al., 1990; Grassi et al., 1996; Krustrup et al., 2009).  O2 uptake kinetics researchers 
typically base their findings on pulmonary O2 measurements. 
 
Muscle fibre-type heterogeneity 
While it is common practice to refer to skeletal muscles as singular contractile entities, in 
reality, a muscle is made up of myriad muscle cells (fibres) with a wide range of metabolic 
and contractile characteristics.  When a muscle is activated to contract and facilitate 
movement, motor units (a motoneuron and all of the fibres it innervates) are recruited based 
primarily upon the intensity level of the contractile activity being undertaken.  Recruitment 
is believed to occur in a hierarchical fashion with smaller type I (slow twitch) motor units 
recruited first (Henneman et al., 1965).  At the other end of the spectrum, the largest type 
IIx (fast twitch) motor units discharge only when maximal or near-maximal efforts are 
undertaken.  In addition to size, progression from one end of this recruitment hierarchy to 
the other also involves a shift from fibres with very high mitochondrial density and 
capillarity (and, therefore, considerable oxidative capacity) to those with high PCr content, 
a propensity for substrate-level phosphorylation and a modest ability to phosphorylate ATP 
by oxidative means.  Not surprisingly, there is evidence to suggest that O2 uptake kinetics 
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is also dramatically different in these distinct fibre types with high-order fibres responding 
slower and with a higher O2 cost of tension development (Wendt and Gibbs, 1973; Crow 
and Kushmerick, 1982; Reggiani et al., 1997).  Consequently, the pulmonary O2 signal 
can only be expected to reflect a ‘mean response’ of all activated fibres and this 
homogenisation would, presumably, span a wider range of response characteristics when 
large work-rate increments that necessitate activation of a fibre pool with considerable 
metabolic diversity are imposed. 
 
Influence of muscle fibre recruitment on O2 kinetics 
The purpose of this thesis is to examine the influence of muscle fibre recruitment on O2 
kinetics.  Specifically, subjects will perform cycle ergometer transitions from an elevated 
baseline work rate (‘work-to-work’ transitions) and at extremely fast and slow pedal 
cadences (and, therefore, muscle twitch rates) to manipulate heterogeneity within the fibre 
pool being recruited to perform the transition (Barstow et al., 1996; Brittain et al., 2001; 
Pringle et al., 2002b; Wilkerson and Jones, 2006; Wilkerson & Jones, 2007).  Interventions 
that have been shown to alter O2 kinetics (cycle ergometer exercise after priming and 
while maintaining a supine body posture that removes the gravitational assist to muscle 
blood flow) will be assessed in conjunction with the aforementioned models in order to 
determine the fibre-type specificity of the effects that have been reported.   
 
The following review of literature will 1) summarise the history of O2 uptake kinetics 
research and the specific response characteristics that are typical under ‘normal’ exercise 
conditions; 2) examine the different muscle fibre types and distinctive properties that have 
been reported for low- and high-order fibres; 3) review O2 uptake kinetics investigations 
that have employed work-to-work transitions and transitions performed at extreme pedal 
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cadences; and 4) examine O2 uptake kinetics investigations that have identified the 
alterations caused by prior priming exercise and interventions that could potentially change 
certain aspects of O2 delivery to the muscle.     
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The history of oxygen uptake kinetics 
Discovery of O2 and its role in cellular respiration 
It is difficult to pinpoint a definitive event that signalled the dawning of O2 uptake kinetics 
as a field of scientific investigation.  In fact, it can be argued that the birth of the discipline 
dates back to the very discovery of O2 itself!  In the late 1700s, Joseph Priestley and Carl 
Wilhelm Scheele independently discovered a gas that we now know comprises 20.93% of 
ambient air (Priestly, 1775; Scheele, 1912).  Upon learning of their discoveries, Antoine 
Laurent Lavoisier named this “eminently respirable” gas oxygine and used a piece of 
apparatus he created to determine that the quantity in a chamber decreased when a living 
animal was sealed within (Lavoisier, 1789).  Lavoisier’s innovative device also revealed 
that when O2 was consumed by the animal, a “chalky aeroform acid” (CO2) left the 
animal’s body in an approximately equal volume.  This was the earliest form of indirect 
calorimetry, the measurement of O2 consumption and CO2 production to estimate body heat 
production and, by extension, metabolic rate.  Lavoisier concluded that the rusting of 
metals and animal metabolism were similar processes that involved oxidation.  However, 
before he could discover how and where oxidation took place (the prevailing belief was 
that it occurred in the lungs), he was tragically guillotined during the French Revolution 
(Sprigge, 2002). 
 
Analysis of human gas exchange  
Lavoisier’s calorimeter is an example of a spirometer (a piece of equipment that measures 
the volume and flow of inspired and expired air at the mouth).  Specifically, it was a 
closed-circuit version because the animal breathed air within a sealed system.  Open-circuit 
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spirometry involves inhalation of ambient air and is the method typically used to measure 
pulmonary O2 consumption ( O2) and CO2 production ( cO2) during exercise.  This process 
involves determination of the quantity of air ventilated and the change in gas concentration 
that occurs when ventilated air flows through the lungs. 
 
Soon after Lavoisier’s death, English scientist Humphry Davy became the first person to 
use open-circuit spirometry to perform gas exchange analysis.  Davy read Lavoisier’s 
textbook (Traité élémentaire de chimie) and correctly concluded that biological oxidation 
occurred in tissues where energy was released (Sprigge, 2002).  He then performed the first 
estimates of human O2 consumption and CO2 production by collecting expired air in silk 
bags and subsequently determining its O2 and CO2 content in a mercurial gasometer.  By 
measuring and comparing the concentrations in the captured air with what was present in 
the air he inhaled, Davy estimated his own O2 (484 ml·min-1) and cO2 (447 ml·min-1) 
from a series of 20 experiments (Davy, 1800; Sprigge, 2002).  Further important advances 
in gas exchange analysis were made in the late 1800s when German physiologists Nathan 
Zuntz and August Geppert constructed a device to collect and analyse expired air (Zuntz-
Geppert'schen Respirationsapparat; i.e., Zuntz-Geppert respiratory apparatus) and Zuntz 
developed a treadmill to study respiratory activity in animals during running (Zuntz, 1897).  
 
The Douglas bag method of gas exchange analysis 
Gas exchange analysis advanced to a new level in 1911 when British scientist Claude 
Douglas and three colleagues from Oxford and Yale ascended Pikes Peak in Colorado to 
study the acute effects of altitude exposure on ventilation and respiration (Cunningham, 
1964).  During the expedition, Douglas used a bag collection method he developed to 
measure O2 and cO2 at rest and during muscular work.  Douglas was influenced to collect 
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gases in this manner by childhood memories of magic lantern shows that involved storage 
of requisite gases (hydrogen and oxygen) in rubberized canvas bags.  During his storied 
career, Douglas used similar bags to perform human gas exchange analysis with 
extraordinary speed and accuracy, thereby establishing a methodology that is practiced to 
this day.  In fact, so powerful was his influence that this technique still bears his name (the 
Douglas bag method).  
 
Douglas bag gas exchange analysis is considered the gold standard against which other 
methods are compared.  This form of open-circuit spirometry requires the test subject to 
expire through a mouthpiece connected to a high-flow, low-resistance valve into a large 
plastic bag.  After collection for specific time periods (e.g., 30 seconds), bags are sealed, 
mixed and subsequently emptied into a gas meter to measure total volume ventilated.  A 
small sample from the bag is further analysed for O2 and CO2 concentrations, and O2 and 
CO2 are determined from these measurements.   
 
Gas exchange analysis in the non-steady state  
Douglas and partner J.S. Haldane weren’t the only research team to analyse human gas 
exchange during the early portion of the 20th Century.  In 1913, Danish physiologists 
August Krogh and Johannes Lindhard published a groundbreaking study detailing the 
changes in circulation and respiration that took place in humans during the first few 
minutes of work (Krogh and Lindhard, 1913).  Unlike prior researchers dating all the way 
back to Lavoisier, these were the first to characterise O2 in the non-steady state (i.e., the 
transition phase before a match between oxidative energy provision and energetic demand 
is achieved).  Krogh and Lindhard measured gas exchange during rest-to-exercise 
transitions on a cycle ergometer and discovered that the increase in O2 upon initiation of 
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work was rapid but, importantly, not instantaneous.  They also identified a latent period of 
“a couple seconds” prior to the response that they attributed to rapid chronotropic 
adaptation with inadequate venous supply (and, therefore, diminished systolic output), and 
suggested that for at least the first 6-10 seconds, the increase in O2 consumption by active 
tissue would be accompanied by a “nearly proportional” increase in circulation (i.e., tissue 
O2 consumption would increase, but the O2 tension of venous blood returning to the lungs 
would remain constant).  Finally, they attributed the “considerable increase in O2 
absorption” that followed to an additional (although smaller) increase in circulation, but 
suggested greater complexity by recognising that O2 extraction would also be increasing 
during this stage. 
 
Bag collection of expired gases provides a viable way to determine O2 and cO2 during 
steady state conditions where values remain relatively constant for extended periods and 
even during shorter measurement intervals, but not with the temporal resolution necessary 
to precisely characterise a rapidly changing response.  For example, while Krogh and 
Lindhard correctly determined that O2 does not immediately reach the requisite value 
when muscular work is initiated, the response characterisation they provided was 
understandably vague (Krogh and Lindhard, 1913).  Their initial measurement consisted of 
air collected over the first ~12 seconds of work and two more collections were made during 
the first minute.  In conjunction with O2 estimates they obtained in prior investigations 
where subjects performed single expiratory efforts of different durations to residual volume 
both before and after the initiation of work (to provide data that would presumably 
represent what occurred during the first few seconds of the response), these data allowed 
for the general response description they provide. 
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The third decade of the 20th Century saw the next important advance in our understanding 
of the oxidative response following the onset of exercise.  After being awarded the Nobel 
Prize for his work on contracting skeletal muscle and associated heat production in 1922, 
A.V. Hill and colleagues set forth to link observations they made on frog muscle isolated in 
vitro with physiology that took place in exercising man (Hill et al., 1924).  To do so, they 
used a portable Douglas bag gas collection system to measure O2 and cO2 as subjects 
walked and ran on an open-air track.  Importantly, this system also included a series of taps 
that provided the ability to instantaneously switch between multiple collection bags.  These 
were used during the transitions to and from exercise to obtain a rapid succession of 
samples, thereby providing data with greater temporal resolution during transient response 
phases.  The main purpose of this research was to determine how the O2 that was consumed 
during exercise compared to the amount that was actually required.  
 
Hill and Lupton believed that the anaerobic energy production that satisfied the O2 deficit 
at exercise onset was directly responsible for the increased O2 that was consumed once 
exercise was ceased.  Their estimates of the O2 cost of running were, therefore, determined 
by adding the measured consumption during a bout to the amount consumed above resting 
level afterwards.  We now know that these estimates were incorrect because post-exercise 
O2 consumption is more complex than this ‘O2-debt’ theory would imply (Gaesser and 
Brooks, 1984).  Nevertheless, Hill and Lupton correctly determined that despite the initial 
response lag, subjects eventually (i.e., after “2 or 3 minutes”) achieved an O2 consumption 
that was equal to the requirement (i.e., steady state O2) at lower running speeds, but that 
fell short of the requirement and was unable to be exceeded (i.e., O2max) at the highest 
speeds.  They also published diagrams of their results that revealed an oxidative response 
profile characterised by a decreasing rate of change as progression to the eventual plateau 
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took place (e.g., see Hill and Lupton, 1924; p. 167).  However, these researchers were only 
concerned with analysing the post-exercise response and made no attempt to 
mathematically characterise the exponential rise they discovered at exercise onset.  
Surprisingly, almost 30 years would pass before others did! 
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The dynamic O2 response to exercise 
Implications for metabolic control 
In 1951, F.M. Henry suggested that during muscular work supported by sufficient O2 
delivery, O2 intake is determined by the availability of oxidizable metabolic substrate (e.g., 
Krebs cycle intermediates) and proposed a model by which the rate of accumulation of this 
provision would increase in an exponential manner during the transition to constant-load 
work (Henry, 1951).  By extension, Henry hypothesised that oxygen consumption during a 
transition could be calculated as: 
 
Y(t) = ao(1 - e-kt) 
 
where Y(t) is oxygen consumption at time t, ao is the steady state rate of oxygen 
consumption (the response amplitude once equilibrium is achieved between the 
accumulation and oxidation of the controlling substrate) and k is a velocity constant that 
would be entirely independent of (i.e., mathematically uncorrelated with) both ao and the 
work rate that elicited the response.  With this system of feedback control, ao would 
increase linearly with work rate, at least up to the point where systemic limitations 
prevented a further rise.  Henry tested his hypothesis by measuring O2 uptake with subjects 
cycling at a variety of workloads and observed response curves that were satisfactorily 
described by the exponential model he proposed.  However, it is important to note that 
subjects exercised at relatively light workloads that would have utilised only a small 
fraction of their metabolic reserve in this study.      
 
The system proposed by Henry (1951) would be characterised by predictable oxidative 
response behaviour (an unchanged velocity constant and an O2 cost that increased linearly 
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as a function of work rate) throughout its range of capacity.  This would indicate linear 
first-order system control.  However, in 1956, Henry and research partner J.C. DeMoor 
published findings that challenged this notion (Henry and DeMoor, 1956).  Specifically, 
they demonstrated that the time to reach a steady state in O2 consumption increased with 
increasing work rates when subjects performed exercise of graded intensity.  Henry and 
DeMoor, therefore, suggested that an equation with two exponential components was 
necessary to describe the rise of O2 uptake during exercise.   
 
Breath-by-breath gas exchange measurement technology 
During the sixties, technological advancements dramatically changed open-circuit 
spirometry as computers and fast-responding O2 and CO2 analysers were developed.  This 
form of gas exchange analysis involves the measurement of flow volume at a mouthpiece 
through which inhalation and exhalation take place.  Expired air is sampled for gas 
concentrations via an attached gas line and instantaneous calculations of O2 uptake and 
CO2 production are provided in an on-line manner.  This new technology allowed for the 
measurement of pulmonary gas exchange on a breath-by-breath basis and when data 
collected by these systems were averaged over specific time periods, the O2 and CO2 
estimates were similar to those indicated by Douglas bag collection.  This confirmed the 
accuracy of the new technology and validated its use to precisely characterise the time 
course of the pulmonary oxidative response to exercise.  
 
Linear first-order oxidative control 
Despite the enhanced temporal resolution offered by rapidly responding breath-by-breath 
gas analysis systems, definitive findings regarding the presence of linear first-order 
oxidative control were still lacking in the late sixties.  For example, in 1967, Karlman 
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Wasserman and colleagues had subjects perform constant-load cycle exercise at three 
different intensities determined relative to their individual capacity (Wasserman et al., 
1967).  Specifically, they used an incremental cycling test to exhaustion with four-minute 
stages to identify the point at which the gas exchange ratio increased abruptly for each 
subject and subsequently had them perform a work rate just below this “anaerobic 
threshold.”  They defined this as “moderate exercise.”  Wasserman et al. (1967) also had 
subjects perform “heavy” and “very heavy” work intensities (700 and 1500 ml·min-1 of O2 
consumption above the moderate work rate, respectively) and found that achievement of a 
“true steady state” was delayed (not reached in less than 10 minutes compared to within 
four minutes during moderate exercise) or even unattainable during the more challenging 
bouts.  Conversely, Di Prampero et al. (1970) observed invariant O2 uptake kinetics (a half-
time to O2 steady state of ~27-30 s) that was adequately described by a single exponential 
function for all metabolic transitions from rest to a variety of arbitrarily determined work 
levels during both stepping and cycle exercise.  Interestingly, these researchers also found 
that transitions from mild to heavier exercise were characterised by faster response kinetics 
(a O2 half-time of 17 s) and suggested that the influence of the utilisation of body O2 stores 
that would normally dissociate pulmonary from muscle O2 consumption during full 
transitions was absent during transitions initiated from an elevated baseline work rate.  
 
Oxidative system nonlinearity: the O2 slow component  
In 1972, Wasserman and Brian J. Whipp published research that proved beyond a doubt 
that oxidative energy transfer demonstrates nonlinear behaviour (Whipp and Wasserman, 
1972).  Breath-by-breath O2 measurements collected as subjects cycled at six different 
constant work rates revealed that a steady state rate of O2 consumption was, in fact, 
progressively delayed (or even not yet attained by exercise cessation at minute six) at 
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higher work rates and, indeed, so pronounced was this slowing that the hypothesis 
forwarded by Henry some 15 years prior was confirmed: The response at higher work rates 
appeared to comprise two exponential components with the second describing all changes 
occurring after approximately three minutes of the initial response.  Accordingly, Whipp 
and Wasserman (1972) suggested measurement of the O2 increase post-minute-three (e.g., 
Δ O2(6-3) for six-minute exercise bouts) as a useful index to quantify this additional 
response phase and also cited its late emergence to explain why prior investigators (e.g., 
Margaria et al., 1965; Di Prampero et al., 1970) found an invariant O2 time course that 
conformed to a single exponential throughout a wide range of work intensities.  In these 
studies, Whipp and Wasserman (1972) concluded that exercise bouts were not continued 
long enough for this additional ‘ O2 slow component’ to be discerned. 
 
The three-phase O2 response at exercise onset 
As a more thorough understanding of the oxidative response to exercise evolved during the 
sixties and seventies, it is interesting to note that the pre-response latent period that was 
originally reported (Krogh and Lindhard, 1913) was not accounted for in typical 
characterisations.  In fact, Henry’s initial model (Henry, 1951) and subsequent ones (e.g., 
Margaria et al., 1965; Whipp, 1971) all suggested an exponential process that began 
immediately when work rate was increased.  This is counterintuitive because even if an 
exponential oxidative response is initiated simultaneously with workload application at the 
precise site of cellular oxidation, this response would not be reflected in altered pulmonary 
gas tensions until the spatial divide between muscle and lung had been crossed.  A research 
team headed by Whipp and Wasserman addressed this contradiction in 1982 by 
undertaking a rigorous analysis of pulmonary gas exchange response kinetics during 
transitions to moderate-intensity cycle exercise (Whipp et al., 1982).  These researchers 
Chapter 2: Review of Literature. The dynamic O2 response to exercise  
    
18
theorised that studies that employed Douglas bag measurements typically used collection 
periods that were too long to reveal a delay phase and further suggested that sufficient 
sensitivity was also lacking from breath-by-breath analyses due to the large interbreath 
fluctuations that are present in the pulmonary signal.  Whipp et al. (1982) solved these 
problems by measuring pulmonary gas exchange during repeat performance of the same 
transition (cycle exercise at a work rate below the subject’s anaerobic threshold) and 
linearly interpolating the breath-by-breath data they acquired so that second-by-second 
values from like transitions could be time aligned and ensemble averaged.  Used previously 
(Linnarsson, 1974), this methodology served to enhance signal-to-noise ratio.  
 
Whipp et al. (1982) revolutionised the study of the O2 response to exercise on two fronts.  
Importantly, the repeat-trial protocol they used became the standard procedure for all state-
of-the-art O2 kinetics investigations from that point forward.  Furthermore, they identified 
an initial response phase (termed “phase I”) that preceded the O2 rise (phase II) and steady 
state (phase III), and showed that it is essential to account for this component when using 
pulmonary measurements to determine the exponential process that presumably reflects the 
muscle O2  response. 
 
The cardiodynamic phase 
Phase I consists of a muscle-to-lung transit delay (the time that elapses before 
measurements across the lung accurately reflect tissue gas exchange at the sites of 
oxidation) and the use of body gas stores that allow a cellular O2 uptake increase to be 
satisfied without alteration of mixed venous O2 tension.  Therefore, characterising the 
muscle oxidative response by fitting pulmonary O2 data with an exponential constrained to 
commence simultaneously with work rate (i.e., one that conforms to a model with no time 
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delay; e.g., the function proposed by Henry in 1951) will result in a distorted fit (Whipp et 
al., 1982).  Additionally, a rapid increase in pulmonary perfusion exerts an influence on 
pulmonary gas exchange (as indicated by the Fick Equation: pulmonary O2 = pulmonary 
blood flow x arterio-venous O2 difference) during this phase.  The resulting increase in 
pulmonary O2 does not represent O2 uptake by the tissues and can also serve to obscure 
the pure time delay that would be apparent if this ‘cardiodynamic’ effect were not present.  
The end result is O2 values throughout phase I that will distort a best-fit curve even if a 
more appropriate exponential model with time delay is employed (Whipp and Rossiter, 
2005).  Consequently, it was determined that the best fit for phase II was achieved when an 
exponential function constrained to start at the “inflection point” (i.e., the point of transition 
from phase I to phase II as determined by visual inspection; on average, 19 seconds after 
exercise onset) was used (Whipp et al., 1982). 
 
The O2 slow component and critical power 
Once it was confirmed that attainment of a steady state O2 was delayed for work intensities 
above the anaerobic threshold, the ‘slow component’ responsible for this departure from 
system linearity was studied extensively.  In 1988, an important investigation greatly 
improved our understanding of both the possible mechanistic bases of the slow component 
and also how it affected exercise tolerance.  David Poole and associates studied high-
intensity cycle exercise both at and slightly above the power output defined by the 
asymptote of the power/time-to-fatigue hyperbola and found that this demarcation point 
(i.e., the point typically termed the ‘critical power’ or CP; e.g., see Monod and Scherrer, 
1965; Moritani et al., 1981) also separates intensity regions characterised by markedly 
different  O2 responses (Poole et al., 1988).  These researchers found that constant-load 
cycle exercise at CP could be maintained for 24 minutes (the requisite duration as per 
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methodological design) by all subjects, whereas cycling at a power output five percent 
above it (15 W, on average) could only be maintained for ~18 minutes.  Additionally, a 
steady state O2 was delayed, but attainable (i.e., reached within 12-20 minutes) when 
cycling at CP; however, above it, O2 continued to rise until attaining a value at exhaustion 
that was not different from the O2max indicated by an incremental ramp test.  The authors 
concluded that exercise characterised by the presence of a O2 slow component (i.e., above 
the anaerobic threshold) encompasses two distinctly different intensity domains – one 
where O2 attains a delayed steady state below O2max and one comprised of a range of 
different intensity/time-to-exhaustion combinations where, in each case, O2 does not 
stabilise, but reaches its maximum value at exhaustion.  Interestingly, blood lactate 
responded in a similar manner and a very strong correlation between these two variables 
was observed.      
 
O2 as a proxy for muscle O2 uptake 
Collectively, demonstration of the three-phase pulmonary O2 response to moderate 
exercise (Whipp et al., 1982) and the additional O2 slow component at higher work rates 
(Whipp and Wasserman, 1972; Poole et al., 1988) provided an elegant explanation of how 
pulmonary O2 adapts to an abrupt increase in muscular work.  However, before 
mechanistic inferences with respect to gas exchange at the actual sites of biological 
oxidation (active muscle mitochondria) could be drawn, the degree to which pulmonary O2 
reflects muscle O2 had to be determined.  In a study published in conjunction with Whipp 
and Norman Lamarra in 1990, Thomas J. Barstow modelled venous circulation to assess 
how changes in vascular volume between muscle and lung, and different circulatory rates, 
affected the association between muscle and pulmonary O2 (Barstow et al., 1990).  These 
computer-simulated representations revealed that while phase I pulmonary dynamics can be 
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altered by these changes, phase II measurements are not appreciably distorted.  This 
provided theoretical justification for the use of the phase II portion of the pulmonary O2 
response to estimate the time course of O2 uptake in active muscle mitochondria.    
 
A number of subsequent investigations provided empirical confirmation of Barstow’s 
model.  In 1996, Grassi et al. used constant-infusion thermodilution to measure leg blood 
flow in conjunction with arterial and venous blood sampling to determine the difference in 
O2 content across the leg (Grassi et al., 1996).  Taken during exercise bouts of moderate 
intensity, these measurements allowed leg O2 uptake to be determined via the Fick 
Principle and when estimates of the time constant describing the exponential rise in leg O2 
were compared with that for the phase II pulmonary O2 response, no significant difference 
was found.  These findings were confirmed in subsequent studies when it was shown that 
phase II pulmonary O2 measurement also closely reflects the kinetics of muscle O2 uptake 
during high-intensity exercise (Bangsbo et al., 2000; Krustrup et al., 2009).  Furthermore, a 
harmonious relationship between O2 uptake at the muscle and lung had already been shown 
during the slow phase of the pulmonary O2 response.  Using the same technology that 
Grassi utilised five years later, Poole et al. (1991) showed that the vast majority (~85%) of 
the increase in pulmonary O2 occurring post-minute-three during high-intensity exercise 
resulted from a similar increase in O2 uptake by the exercising limb.  In addition to 
justifying pulmonary O2 as an accurate indicator of active muscle oxidation during 
exercise, this finding also provided valuable insight into mechanisms that could be 
responsible for at least the predominant portion of this phase of the response because it 
ruled out factors that were not intrinsic to the exercising musculature (e.g., the O2 cost of 
ventilatory, cardiac and accessory muscle work, increased body temperature and circulating 
metabolites).   
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O2 uptake kinetics: a coming of age     
If Lavoisier’s work some 200 years prior constituted the birth of O2 uptake kinetics as a 
field of scientific investigation, Whipp and Wasserman’s landmark studies and the 
contributions from research teams involving Barstow, Poole, Grassi and Bangsbo paved the 
way for its maturation.  Breath-by-breath gas exchange analysis systems became readily 
available in the nineties and it was universally accepted that with appropriate caveats, 
breath-by-breath pulmonary O2 measurements provided a non-invasive way to closely 
estimate muscle O2 in both phase II and the slow phase of the response.  A marked 
increase in related research followed, a textbook devoted exclusively to O2 kinetics was 
written and a discipline steeped in tradition saw the next generation of scientists carry the 
investigative torch to new heights. 
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Characterising the O2 response at exercise onset 
Accounting for phase I  
Whipp et al. (1982) showed that the phase II O2 response is best fit by a single exponential 
constrained to start at the inflection point that denotes the end of the masking influence of 
the initial rush of cardiac output through the lung.  Unfortunately, this delineation point is 
not always easy to recognise due to inherent ‘noise’ within the pulmonary O2 signal.  
Consequently, O2 kinetics researchers have typically employed other methods to ensure 
that phase I data are not included in the phase II fit.  Some groups have chosen to assign a 
separate exponential term to describe this portion of the response while others attempt to 
eliminate it from consideration by omitting data collected from exercise onset to a specific 
time point determined a priori (Whipp and Rossiter, 2005).  As the state of the art has 
evolved, the latter method has been used more frequently, with the first 20 seconds 
typically specified as the timeframe of choice.  Justification for this approach includes: 
• lack of experimental evidence or physiologic rationale to suggest that the phase I 
response should be exponential in nature; 
• realisation that including more parameters in a model should be avoided if possible 
because doing so decreases the degrees of freedom, thereby lowering the confidence 
in the more important parameter estimates describing the fit (Whipp and Rossiter, 
2005); 
• demonstration that, on average, the ‘smooth’ exponential response (i.e., the post-
inflection point profile) begins ~19 s after exercise onset (Whipp et al., 1982); 
• demonstration that the mean transit time from muscle capillary to lung is ~17 s just 
before exercise and ~10-12 s after 10 s of exercise (Krustrup et al., 2009) with 
muscle O2 increasing after no delay (Grassi et al., 2002; Kindig et al., 2003).  
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It is important to realise that choosing to eliminate the first 20 seconds before fitting phase 
II is not a concession that deoxygenated blood from exercising muscle must arrive at the 
lung exactly 21 seconds after exercise onset.  Blood with gas tensions that have been 
altered by exercise might very well arrive sooner; however, this alteration will likely be 
obscured by the cardiodynamic effect and inclusion of this misrepresentative data will 
result in a distorted phase II fit (Whipp et al., 1982; Whipp and Rossiter, 2005).  
Conversely, if some phase II data is unconcealed prior to 20 s of exercise, omitting this 
from consideration will not confound parameter estimation because enough representative 
data will still be available to ‘find’ the exponential response.  It is, therefore, favourable to 
err on the side of caution and risk elimination of some valid data points to ensure that no 
cardiodynamic distortion of phase II occurs.  However, it is also important to recognise that 
when conditions are present that result in a sluggish cardiovascular response to exercise, a 
prolongation of phase I (e.g., for a time period that is greater than 20 seconds) might be 
present (Poole et al., 2005).  This means that in these circumstances, simply eliminating the 
first 20 seconds of data would not suffice and a precise determination of phase I length 
(e.g., identification of the inflection point; see above) would be required. 
 
Characterising phase II  
Phase II pulmonary O2 kinetics provides a close approximation of muscle O2 kinetics 
following exercise onset (Barstow et al., 1996; Bangsbo et al., 2000; Krustrup et al., 2009).  
Therefore, accurate description of the exponential response profile that characterises this 
phase forms the basis of O2 kinetics analysis.  The phase II O2 response is typically fit 
using a nonlinear least-square algorithm, as described by the following equation: 
 
O2(t) = O2 baseline + A(1-e-(t-TD)/τ) 
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where O2 (t) represents the absolute O2 at a given time t; O2baseline represents the mean    
O2
 in the baseline period and A, TD, and τ represent the response amplitude, time delay 
and time constant, respectively.  The amplitude term represents the asymptotic value to 
which the exponential projects; therefore, the sum of this term and the mean O2 in the 
baseline period is equivalent to the absolute O2 required at steady state.  (Note: This only 
applies to moderate-intensity exercise because at higher intensities, the O2 slow 
component confounds this interpretation).  Similarly, the time delay designates the point at 
which the exponential begins (i.e., pulmonary O2 rises due to the return of blood with 
altered gas tensions to the lung) and the time constant describes the rate at which it 
progresses.  Specifically, τ is equivalent to the reciprocal of the rate constant and, therefore, 
represents the time taken to achieve 63% of the asymptotic value.  In addition, for inter-
subject comparisons or assessment of transitions of different magnitude within the same 
subject, the functional ‘gain’ (G) of the response is often determined by normalising the 
amplitude term to the increment in work rate (i.e., ∆ O2/∆work rate, which is the inverse of 
the equation typically used to determine the percentage of energy turnover that appears as 
external work; i.e., contractile efficiency). 
 
Characterising the O2 slow component 
Whipp and Wasserman showed that the time to achieve a steady state O2 increases greatly 
with increasing work rates above what they termed the anaerobic threshold due to what has 
come to be known as the O2 slow component and suggested that the change in O2 after 
minute three (∆ O2(6-3)) provides a useful index for quantifying this additional oxidative 
cost of high-intensity exercise (Whipp and Wasserman, 1972).  Subsequent studies 
revealed that the slow component typically emerges sooner (e.g., after ~90-120 seconds), 
especially at higher work rates, so ∆ O2(6-2) became the preferred method (Jones and Poole, 
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2005).  However, this index was still only capable of providing a gross estimate of the slow 
component and, therefore, a more precise quantification method was required.  Although 
there is still limited understanding of the aetiology of this phenomenon, it is apparent that it 
is superimposed on the primary response.  Consequently, fitting the entire O2 response to 
exercise that elicits a slow component with the single exponential model outlined 
previously will result in a poor fit (i.e., residuals that are biased to accommodate distortion 
of the primary exponential curve; e.g., see Figure 2.1).   
 
Initially, it was assumed that the primary and slow components represented separate 
processes that emerged in concert (Linnarsson, 1974; Barstow and Mole, 1987; Casaburi et 
al., 1989), but in 1991, findings from two research groups suggested that the slow 
component emerges some time after exercise onset (Paterson and Whipp, 1991; Barstow 
and Mole, 1991).  Consequently, the O2 response profile to exercise eliciting a slow 
component requires a fitting model that allows for a delayed-onset term.  However, each 
group used a different method to describe this term.  Paterson and Whipp (1991) 
extrapolated the monoexponential phase of the O2 response to end exercise and calculated 
the slow component as the difference between actual and modelled O2 values at this time 
point whereas Barstow and Mole (1991) used a double exponential equation that contained 
a slow component term of its own: 
 
O2(t) = A1(1-e-(t-TD1)/
τ
1) + A2(1-e-(t-TD2)/
 τ
2) 
 
Finally, it has been suggested that the slow component might be better described by a linear 
fit, particularly when a biexponential model reveals a slow component τ well in excess of 
the duration of data collection (Linnarsson, 1974; Engelen et al., 1996).  Consequent to this 
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Figure 2.1: Panel A illustrates a monoexponential fit to O2 data that includes a slow 
component superimposed on the primary exponential response.  To 
accommodate the progressive increase of O2 as exercise proceeds, the fit is 
biased (see plot of residuals), the τ defining the exponential is excessively 
long (60 s) and the TD is negative (-13 s).  However, if the fit is constrained to 
the point where the slow component begins to emerge (see Panel B), unbiased 
residuals throughout the phase II region indicate that a true representation of 
the phase II time course has been revealed (τ = 25 s).    
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uncertainty, a consensus opinion of the preferred method was and is still lacking, and 
different methods are employed by the groups currently doing research in the field.  
 
The lactate/gas exchange threshold 
Whipp and Wasserman’s seminal work implicated the ‘anaerobic threshold’ as the 
metabolic rate above which a O2 slow component changed the predictable nature of the    
O2 response (Whipp and Wasserman, 1972).  In the ensuing years, there has been 
considerable ambiguity regarding the precise definition of this important delineation point.  
This is, perhaps, not surprising given the fact that anaerobic metabolism supplements 
aerobic energy transfer throughout the entire range of metabolic capacity such that there is, 
in fact, no threshold to definitively signal its onset.  However, Whipp and Wasserman’s 
anaerobic threshold does correspond with the metabolic rate above which blood lactate 
concentration begins to rise above baseline levels.  Consequently, ‘lactate threshold’ is an 
appropriate term that specifically identifies this point (Connett et al., 1990).  This threshold 
also demarcates the beginning of an intensity range where bicarbonate buffering obligates 
the generation of non-metabolic CO2.  This affects both pulmonary gas exchange and 
ventilation and, therefore, the lactate threshold can be conveniently identified non-
invasively by determining the gas exchange threshold (GET) from pulmonary O2 and CO2 
measurements during incremental exercise (Beaver et al., 1986).  Specific criteria used to 
identify this breakpoint include: 
• the first disproportionate increase in CO2 from visual inspection of individual plots 
of CO2 v. O2; 
• an increase in E/ O2 with no increase in E/ CO2; 
• an increase in end-tidal O2 tension with no fall in end-tidal CO2 tension.  
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Exercise intensity domains 
Discovery of intensity-specific differences in the metabolic and gas exchange responses to 
constant-load exercise meant that the customary practice of assigning work rates as a 
percentage of O2max was unacceptable for normalising intensities between subjects or 
under different conditions within the same subject.  Instead, work rates had to be specified 
relative to definitive intensity domains.  Unfortunately, the traditional exercise physiology 
community has been slow to grasp this notion (DiMenna and Jones, 2009) and even pre-
eminent O2 kinetics researchers have yet to reach common consensus on a universal 
categorisation system (Jones and Poole, 2005; Whipp and Rossiter, 2005).  In the past, one 
of two schemata illustrated in Figure 2.2 (designated arbitrarily here as A and B) has been
 
 
Figure 2.2: Two schemata typically used to quantify exercise intensity relative to metabolic 
capacity.  Note: The key difference between Schemata A and B is that within the 
latter, the point at which the primary response to the work rate results in the 
attainment of O2peak defines a domain boundary (very heavy/severe), whereas 
within the former, a distinction is made for work rates that cannot be sustained 
long enough for O2peak to be achieved (extreme).  See text for further details.   
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used by the various groups; schema A is used throughout this thesis.  However, despite this 
disparity, there is commonality regarding how intensities are specified in all credible O2     
kinetics research.  A ramp incremental exercise test to exhaustion is administered prior to 
constant-load testing and the work rate associated with the gas exchange threshold and the 
peak attainable work rate are noted.  Exercise intensity is then stated as a percentage of 
either the gas exchange threshold (e.g., 80% GET) for moderate exercise or delta (∆; the 
difference between the gas exchange threshold and peak O2) for exercise that is heavy or 
severe. 
 
For healthy young adults exercising within the moderate-intensity domain, a steady state   
O2 is usually reached within 2-3 minutes (Whipp and Wasserman, 1972; Whipp and 
Mahler, 1980) and blood lactate concentration is not elevated above baseline once O2 
achieves this plateau.  The O2 cost of moderate-intensity cycle ergometry is typically 9-11        
ml·min-1·W.  During heavy exercise, the oxidative cost is greater and attainment of a steady 
state O2 is delayed due to the presence of the O2 slow component (Whipp and 
Wasserman, 1972; Linnarsson, 1974; Whipp and Mahler, 1980; Roston et al., 1987; 
Barstow and Mole, 1991; Paterson and Whipp, 1991).  Blood lactate concentration 
increases above baseline during heavy exercise; however, it does eventually reach 
equilibrium (i.e., appearance matched by removal), albeit at an elevated level.  In fact, the 
maximal intensity at which blood lactate concentration equilibrium is still possible (i.e., the 
‘maximal lactate steady state’) is roughly equivalent to the intensity level that defines the 
upper boundary of this domain (i.e., the critical power) (Smith and Jones, 2001; Pringle and 
Jones, 2002).  Conversely, severe exercise can only be maintained for a finite duration and 
attainment of O2max, as opposed to a submaximal O2 steady state, is inevitable (Poole et 
al., 1988).  Exercise within this domain will also be characterised by the presence of a O2 
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slow component, at least in cases where exercise can be continued long enough to allow it 
to be manifest.  However, in this case, the slow component will cause O2 to rise inexorably 
until O2max is reached.  Generally speaking, CP occurs at ~50%∆ (Poole et al., 1988; 
Pringle and Jones, 2002), so if the intention is to investigate exercise within the severe 
domain, intensities of 60-80%∆ are typically studied.  Finally, during extreme exercise, the 
ability to sustain exercise is so limited that there is insufficient time for O2max to be 
attained (Hill et al., 2002) and there is also no O2 slow component that can be discerned. 
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Oxidative control system analysis 
Boltzmann’s principle of superposition 
A first order system is one whose input-output relationship can be adequately described by 
equations whose operators are a series of linear differential equations (Rossiter et al., 
2005).  First-order linearity with respect to oxidative control would, therefore, mandate: 
• on-off response symmetry to repeating functions; 
• a system τ, TD and G that are independent of the baseline work rate from which the 
response is elicited;  
• a system τ, TD and G that are independent of the amplitude and frequency of the 
forcing function that elicits the response.    
Boltzmann’s principle of superposition forms the basis for defining linearity (Fujihara et 
al., 1973b).  This principle states that the response of a linear system to two separate inputs 
is additive (i.e., the sum of the responses elicited by each input if the other were not 
present).  Input-output analysis provides a model that has been used to test 
cardiorespiratory response linearity in order to speculate upon the potential mechanism(s) 
of control.  For example, in 1973, Fujihara et al. found that in the majority of cases, 
Boltzmann’s law of superposition could be applied to work load/ventilation and work 
load/HR relationships when impulse (large, short and small), step (large and small) and 
ramp (large and small) loads forced oxidative function during cycle ergometer exercise 
(Fujihara et al., 1973a).  Consequently, they were able to develop transfer functions that 
implicated feedback from spatially-distanced (in relation to the actual sites of cellular 
oxidation) chemoreceptors to explain the delayed ventilatory drive compared to a virtually 
immediate HR acceleration likely arising from intramuscular signalling or cortical 
irradiation (Fujihara et al., 1973a).  However, a definitive identification of the transfer 
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function that controls muscle O2 consumption was and is still lacking (Rossiter et al., 
2005).   
 
Work-to-work exercise transitions – early findings 
When Whipp et al. (1982) elucidated the non-steady state O2 response, they assessed cycle 
transitions initiated from either rest or unloaded (0 W) cycling and found that varying the 
baseline in this manner affected the abruptness and magnitude of phase I, but not its 
duration or the subsequent phase II τ.  This confirmed that either strategy provided a 
suitable model for determining the phase II exponential oxidative time course.  However, 
most subsequent studies have used the latter approach because the O2 cost of moving the 
legs against no load at the employed pedal cadence (e.g., ~250 ml·min-1 at 50-70 rev·min-1 
and up to ~1000 ml·min-1 at extremely fast cadences) can be accounted for.  This allows for 
accurate determination of the phase II G, which should not include this additional energetic 
expense.  It has also become common practice to apply a 20-W load during this ‘unloaded’ 
baseline cycling period because it is generally believed that ergometer linearity can not be 
easily validated for lesser values. 
 
While full transitions from rest or ‘unloaded’ cycling are typically examined in O2 kinetics 
investigations, partial transitions from an elevated baseline (i.e., work-to-work transitions) 
have also been studied and notable differences have been observed.  As previously 
mentioned, Di Prampero et al. (1970) assessed work-to-work transitions during both 
stepping and cycling, and reported a faster O2 half-time compared to the full control 
transition.  Two years later, Davies et al. (1972) reported similar findings; specifically, an 
invariant O2 half-time of ~30 s for rest-to-light and rest-to-heavy treadmill exercise 
transitions that was reduced to 17 s for the light-to-heavy adaptation.  Conversely, Casaburi 
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et al. (1977) used breath-by-breath technology to assess the O2 response to cycle 
ergometer work that fluctuated continuously in a sinusoidal manner for six different time 
intervals through a range of work rates between 25 W and ~80% GET (i.e., intensities that 
spanned most of the moderate domain) and found a O2 response profile that was sinusoidal 
and of equal frequency throughout (half-time of ~34 s).  This indicates first-order response 
characteristics and contradicts the earlier work-to-work findings.  Later that year, 
researchers from the same group employed protocols that were similar to those of Di 
Prampero et al. (1970) and Davies et al. (1972), and found invariant O2 kinetics for 
transitions that spanned from rest to cycling at “just-below” GET at 60 rev·min-1 and 25 W 
cycling at 40 rev·min-1 to the same sub-GET workload at 80 rev·min-1; however, a 
transition from 25 W cycling at 60 rev·min-1 to the same sub-GET workload at 60 rev·min-1 
was “barely” (half-time 35 v. 30 s), but significantly slower compared to the other work-to-
work transition (Diamond et al., 1977).  Diamond et al. (1977) discounted this small 
variation and suggested dynamic system linearity throughout the moderate domain; 
specifically, a half-time of ~30-35 s for all transitions to exercise below GET regardless of 
whether the transition was initiated from rest or light work, and also irrespective of pedal 
cadence.  They also challenged previous speculation that full transitions should be slower 
due to the confounding influence of venous O2 stores (Di Prampero et al., 1970; Davies et 
al., 1972).  Specifically, they suggest that any dissociation between muscle and pulmonary 
O2 due to desaturation of venous blood haemoglobin and active muscle myoglobin would 
be responsible, at most, for a three-second increase of O2 half-time (Diamond et al., 1977).  
 
In 1982, Hughson and Morrissey attempted to reconcile the previous contradictory findings 
by characterising the O2 time course during full and work-to-work transitions with 
parameters derived from monoexponential nonlinear least-squares curve fitting (Hughson 
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and Morrissey, 1982).  These authors suggested that a computer-derived fit would eliminate 
bias that may have influenced prior work-to-work characterisations that were based upon 
estimation of a rate constant from visual inspection (e.g., Di Prampero et al., 1970; Davies 
et al., 1972; Diamond et al., 1977).  They also included a time delay in their model so that 
the initial manifestation of the exponential was not constrained to the initiation point of 
exercise, and further improved the model fit by eliminating the first 15 seconds of data to 
prevent cardiodynamic contamination.  The findings of Diamond et al. (1977) were based 
upon parameters revealed by a fitting procedure that did not discriminate this confounding 
aspect of the response.  
 
Hughson and Morrissey’s protocols included a full transition within the moderate domain 
(rest to 80% GET) and transitions of similar magnitude within that domain’s lower and 
upper region (rest to 40% GET and 40% GET to 80% GET, respectively).  They also 
included a more protracted work-to-work transition that spanned from moderate to heavy 
exercise (40% GET to 120% GET) within their methodology.  The authors used both the 
time constant and the sum of time constant and time delay (i.e., the ‘mean response time;’ 
MRT) determined by the model to characterise the rate of O2 change during each response.  
Their results are illustrated in Figure 2.3. 
 
Hughson and Morrissey resolved the previous conflict by finding both conclusions 
incorrect! Surprisingly, they observed slower O2 kinetics during transitions within the 
upper compared to lower region of the moderate domain and an even more marked slowing 
when the transition within the upper region continued to the supra-GET intensity.  
However, the latter finding must be interpreted with caution because it is based upon time 
course parameters revealed by fitting a single exponential function to the entire response so
Chapter 2: Review of Literature. Oxidative control system analysis 
   
36
 
 
    
 
    
 
 
 
 
 
 
 
 
Figure 2.3: O2 time course during full and work-to-work transitions.  Open bars represent 
the time constant; closed bars represent the MRT.  For time constant 
comparisons: *Significant difference compared to transition from rest to 40% 
GET; **Significant difference compared to both transitions from rest.  For 
MRT comparisons: #Significant difference compared to both transitions from 
rest.  In all cases where differences were found, P < 0.01. Adapted from 
Hughson and Morrissey (1982).   
 
it cannot be determined whether the additional slowing occurred due to the presence of a   
O2 slow component solely or in conjunction with additional sluggishness during phase II.  
Nevertheless, this should not detract from the key finding of this study; specifically, O2 
kinetics is slower in the upper compared to lower region of the moderate domain (i.e., in an 
intensity range where a single compartment model appears to provide the appropriate 
method of characterisation). 
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Nonlinear behaviour in oxidative control 
The need for domain-specific stratification of exercise intensity contradicts the notion that 
linear, first-order control is present throughout the entire range of oxidative capacity.  In 
addition to temporal- and amplitude-based nonlinearity attributable to a slow component 
(Whipp and Wasserman, 1972; Linnarsson, 1974; Barstow and Mole, 1991), two other 
departures from first-order behaviour have been reported for exercise above the GET in 
subsequent investigations:  Gp has been shown to be less for cycle ergometry above 
compared to below CP (Wilkerson et al., 2004c) and although equivocal findings exist on a 
study-by-study basis, an analysis of pooled data from 25 investigations revealed that τp was 
greater for heavy/severe compared to moderate cycle and treadmill exercise (e.g., 23% 
longer during cycling; n = 127) (Poole and Jones, 2005).  Furthermore, the discovery of 
slower O2 kinetics for transitions in the upper compared to lower region of the moderate 
domain (Hughson and Morrissey, 1982) indicates that nonlinear behaviour might be 
manifest below GET, as well (see also Koppo et al., 2004).   
 
Mechanistic bases for nonlinear behaviour in oxidative control 
While subsequent studies confirmed the initial exponential rise in O2 at exercise onset that 
was forwarded by Henry (1951), the limiting factor he implicated (the provision of 
oxidizable metabolic substrate within mitochondria) has yet to receive universal support.  
An exponential process is characterised by an instantaneous rate of change proportional in 
magnitude to how far the response is from fruition (i.e., the error signal) at any point during 
its progression (Whipp and Rossiter, 2005; see Figure 1.1).  A system that is regulated in 
this manner could be rate limited by feedback or feed-forward control from any of its 
components.  Nonlinear behaviour of the system as a whole could, therefore, be explained 
by nonlinear behaviour of a critical rate modulator.  In addition, the locus of control might 
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change over the course of the system’s range of capacity if nonlinear response 
characteristics of an operand that responded linearly at lower levels of turnover became 
manifest when activation frequency increased.  In addition, an intervention could shift the 
locus of limitation by preferentially dampening the response of an operand that was not the 
rate modulator under normal circumstances.   
 
To exemplify these theoretical constructs, consider the input/output relationships depicted 
in Figure 2.4 (reactants A, B and C; size indicates relative capacity to respond).  If under 
low-input conditions (Equation 1), reactant B is the critical rate modulator, a proportionate 
increase of output compared to input (i.e., a linear response) is established at higher levels 
of activation (Equation 2) as long as reactant B can respond linearly to the increased rate of 
turnover.  However, a nonlinear response by reactant B will result in nonlinear behaviour of 
the system as a whole (Equation 3).  Furthermore, if reactant C lost the ability to respond in 
a linear manner at higher levels of activation, the locus of limitation could shift to this 
operand if reactant B was still able to formulate a linear response within this domain 
(Equation 4).  Similarly, an intervention that dramatically reduced the capacity of reactant 
C could also shift the locus of rate limitation away from reactant B (Equation 5).  However, 
these similar alterations of control would have dramatically different implications.  In the 
former case, reactants B and C would be considered dual rate modulators, each in relation 
to a specific intensity domain, whereas in the latter case, reactant C would not be 
considered as such because it only served to rate limit under atypical circumstances. 
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Equation 1 (low input; B = critical rate modulator): 
INPUT → A + B + C → OUTPUT 
 
Equation 2 (higher input with linear response attributable to reactant B): 
INPUT → A + B + C → OUTPUT 
 
Equation 3 (higher input with nonlinear response attributable to reactant B): 
INPUT → A + B + C → OUTPUT 
 
Equation 4 (nonlinear response attributable to domain-specific shift to reactant C): 
INPUT → A + B + C → OUTPUT 
 
Equation 5 (nonlinear response attributable to intervention-induced shift of 
modulation to reactant C): 
INPUT → A + B + C → OUTPUT 
 
Figure 2.4: Schematic illustration of an input/output system comprising three reactants (A, 
B and C) with differing capacities to respond (indicated by font size).  Under 
low-input conditions (Equation 1), reactant B is the critical rate modulator 
(notice smaller size of “B” v. both “A” and “C,” and similar size of “B” v. 
“OUTPUT”).  At higher levels of activation (Equation 2; see size of “INPUT”), 
a linear response (proportional increase of “OUTPUT” v. “INPUT”) is 
established as long as reactant B can respond linearly (notice proportional 
increase in size of “B” and “INPUT”).  However, a nonlinear response by 
reactant B (Equation 3; “B” increases less than “INPUT”) will result in 
nonlinear behaviour of the system as a whole (“OUTPUT” increase according 
to “B” and not “INPUT”).  A nonlinear response is also present despite the 
potential for a linear response by B if another reactant loses the ability to 
respond linearly at higher levels of activation (domain specifically) or because 
of an intervention that reduces its capacity to respond (notice “C” in Equations 
4 and 5, respectively).  See text for practical implications. 
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Potential determinants of oxidative control 
The resynthesis of ATP via cellular oxidation conforms to the following equation:  
 
6ADP + 6Pi + 2(NADH + H+) + O2 → 6ATP + 2NAD + 2H2O 
 
Therefore, when mitochondrial respiratory activity (i.e., ATP hydrolysis; the oxidative 
system input) increases at exercise onset, oxidative response progression (i.e., as indicated 
by O2, which can, therefore, be considered to reflect the system output) depends not only 
on the provision of oxidizable substrate (i.e., the cellular redox potential; [NADH]/[NAD+]) 
as proposed by Henry (1951), but also on the phosphorylation potential ([ATP]/[ADP] x 
[Pi]) (Wilson, 1994; Rossiter et al., 2005) and/or the availability of O2 at the sites of 
oxidation (Tschakovsky and Hughson, 1999; Hughson, 2005).  This means that the 
limitation to O2 kinetics could also be located outside the cell; specifically, at any point in 
the O2 transport cascade, which includes both convective O2 delivery from atmosphere to 
active muscle (dependent on haemoglobin concentration, pulmonary diffusion, cardiac 
output and distribution of blood flow within muscle) and diffusive O2 conductance from 
capillary to mitochondria (a function of the concentration gradient for O2 movement across 
the capillary wall). 
 
Oxidative control by convective/diffusive O2 conductance 
To explain their unexpected finding, Hughson and Morrissey (1982) suggested that the 
kinetics of convective O2 delivery might have been responsible for the nonlinear behaviour 
they observed.  Specifically, they compared HR kinetics for the full and work-to-work 
transitions and found that the very rapid increase that was present in the rest-to-work 
adaptation was slowed when the transition was initiated from work.  However, a precise 
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quantification of this slowing and, more importantly, statistical proof of its association with 
slower work-to-work O2 kinetics (i.e., a positive correlation between the change in HR τ 
and change in O2 τ  for work-to-work compared to full transitions) could not be 
established because individual response variability precluded kinetics analysis of HR.  
Therefore, their speculation was based solely on visual inspection of the data and the prior 
report of a lengthened cardiac output time constant during work-to-work compared to rest-
to-work transitions in non-anesthetized dogs during treadmill exercise (Versteeg et al., 
1981). 
 
Hughson and Morrissey’s speculation was bolstered in 1991 when Hughson and two other 
researchers analysed autonomic control of heart rate during cycle ergometer exercise 
(Yamamoto et al., 1991).  These researchers used heart rate variability as indicated by 
coarse-graining spectral analysis to determine the relative contributions of parasympathetic 
and sympathetic nervous influence on the sinoatrial node during three-minute ramp 
transitions to constant-load exercise of various submaximal intensities (20 W or 30, 60, 90, 
100 and 110% GET) and found that parasympathetic activity decreased progressively from 
rest to ~60% GET while sympathetic activity increased when intensity exceeded the GET.  
Given that the cardio-acceleratory stimulus derived from the removal of vagal tone is faster 
acting compared to sympathetic activation (Rowell and O’Leary, 1990), this would imply a 
biphasic HR response with breakpoint between 60-100% GET that could explain their 
previous findings of slower O2 kinetics. 
 
If the shift from parasympathetic to sympathetic HR adaptation is responsible for slower    
O2 kinetics during work-to-work transitions (Hughson and Morrissey, 1982; Hughson and 
Morrissey, 1983), one of two mechanistic suppositions can be drawn.  O2 delivery might be 
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the critical reactant that rate modulates all metabolic transitions under normal 
circumstances (see oxidative ATP resynthesis equation on p. 40).  This would explain a 
shift from linearity when HR (and, by extension, tissue oxygenation) no longer responded 
as rapidly (see Figure 2.4; reactant B in Equations 1, 2 and 3).  Alternatively, another 
reactant serving as the locus of limitation (the redox or phosphorylation potential, for 
example) could be supplanted at higher intensities when O2-delivery is hindered by the 
altered HR response (see Figure 2.4; reactant C compared to B in Equation 4).  The latter 
would indicate that the rate limitation of cellular oxidation would be domain specific; for 
example, a metabolic inertia of intracellular origin below GET and a superimposed 
additional systemic limitation attributable to O2 delivery above it. 
 
Control of oxidative function by O2 availability 
There is on-going debate concerning the degree of influence that O2 exerts on the O2 
adaptation during transitions to higher metabolic rates (Grassi, 2005; Hughson, 2005; Poole 
et al., 2008).  As the terminus to electron transfer, O2 plays a pivotal role when electron 
movement in the oxidative phosphorylation pathway is used to satisfy energetic demand.  
However, it cannot be implicated as the critical rate modulator (either overall or domain 
specific as explained above) unless predictable consequences accompany both a decrease 
and increase in its availability.  For example, interventions and conditions that restrict 
tissue oxygenation including hypoxic gas inspiration (Engelen et al., 1996), supine leg 
cycling (Koga et al., 1999; Denis and Perrey, 2006; Jones et al., 2006), arm ergometry with 
the exercising limbs above heart level (Koppo and Bouckaert, 2005), β-adrenergic receptor 
blockade (Hughson, 1984) and cardiovascular disease-related impairment (Poole et al., 
2005) have been shown to slow O2 kinetics.  Although tissue blood flow was not measured 
to confirm reduced tissue oxygenation in these studies, collectively, the findings suggest 
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that there might be circumstances where alterations in O2 delivery can contribute to slowed 
O2 kinetics.  However, as a stand-alone observation, this does not implicate O2 as the 
critical rate modulator because these manipulations/conditions could exert their effect by 
completely exhausting what could be considered a ‘reserve capacity’ of O2 availability as it 
functions in a non-limiting role.  For example, in Figure 2.4; Equation 5, an intervention 
has slowed the response kinetics of a non-limiting operand (reactant C) to a sufficient 
degree so that the control typically wielded by the critical rate modulator (reactant B) is 
circumvented.  Consequently, reactant C is responsible for metabolic control under these 
circumstances.  However, it is important to note that it would not be considered the critical 
rate modulator because when the system is exerting ‘normal’ control, it is not responsible 
for setting the time course.  This is confirmed when Equation 1 in Figure 2.4 is 
reconsidered; specifically, the capacity of reactant C can be enhanced within this model 
without a stimulatory effect on system output.  
 
If the slowed O2 kinetics under circumstances where O2 delivery is sufficiently 
compromised represents a shift away from the normal locus of control, it is easy to see how 
a mistaken conclusion (the designation of O2 as the critical rate modulator under ‘normal’ 
circumstances) can be drawn.  However, this issue is easily resolved.  If O2 is the critical 
rate-limiting reactant in the oxidative ATP resynthesis equation on p. 40, increasing its 
presence should speed the O2 time course just like decreasing its availability can slow it.  
For example, both inhibitory and stimulatory manipulations of reactant B (the critical rate 
modulator) in Equation 1 of Figure 2.4 would be directly mirrored in system output, 
whereas facilitation of reactant C would not enhance reaction turnover rate, even though its 
severe restriction in Equation 5 did serve to dampen it.  
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Increasing O2 availability: the prior-exercise effect 
A number of experimental interventions have been used to study the effect of increased O2 
availability on O2 kinetics.  By far, the one that has provided the most insight is also the 
one that receives widespread interest for a different reason.  Within the sport-science 
community, ‘warm-up’ exercise has been studied extensively because of the desire to find 
the optimal strategy to prepare for and optimise athletic performance.  Interestingly, this 
investigative impetus has also lead to a number of important findings with respect to 
metabolic control.  A timeline documenting the most significant ones follows: 
• 1996 – Extending previous findings from seven years prior, Gerbino et al. showed 
that prior high-intensity leg cycle exercise (six minutes at 50%∆) accelerated the 
overall O2 time course during subsequent leg cycling at the same intensity 
performed after six minutes of rest; however, prior moderate-intensity cycling (80% 
GET) did not (Gerbino et al., 1996).  These researchers also showed that moderate-
intensity cycling (80% GET) could not be altered in a similar way regardless of the 
intensity of the priming bout.  Gerbino et al. (1996) viewed this as confirmation that 
an O2-delivery limitation was present above, but not below the GET, and suggested 
that this restriction was removed by the residual effects of high-, but not moderate-
intensity priming.  This speculation was based upon the fact that high-intensity 
exercise causes an elevation of blood [lactate] that would still be present at 
subsequent-bout onset and this residual acidosis should be associated with 
vasodilation and a Bohr (i.e., rightward) shift of the oxyhaemoglobin dissociation 
curve (i.e., a change that facilitates the release of O2 from haemoglobin in tissues).  
The accelerated oxidative adaptation that was observed in the primed bout was also 
accompanied by a significant reduction in blood lactate accumulation and a 
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decreased fall in blood pH, with the corresponding reduction in cO2 that would be 
expected in association with these changes.   
• 2000 – Recognising that the acceleration reported by Gerbino et al. (1996) was 
determined from a time course parameter (the ‘effective’ O2 τ) that was revealed 
by a single exponential fit, Burnley et al. (2000) replicated their study and used 
more complex modelling procedures to characterise what should be a multiple 
component response during high-intensity exercise.  These researchers verified all 
of the previous findings and also showed that the overall acceleration that was 
reported was actually due to an increase in the absolute O2 amplitude that was 
attained upon completion of phase II in conjunction with a decreased O2 slow 
component (i.e., the overall response became closer to first order).  However, no 
acceleration of the phase II O2 time course (i.e., no reduction of τp) was observed.   
• 2001 – To provide further insight into their findings, Burnley et al. (2001) applied 
the same experimental intervention to elicit the prior-exercise effect; however, in 
this case, they allowed sufficient time (12 minutes) for the restoration of baseline   
O2 prior to initiating the subsequent bout.  This was done to determine whether the 
priming-induced increase in absolute amplitude upon completion of phase II was an 
actual increase in phase II amplitude that was masked by the higher initiation point 
or simply the same response built upon the carryover elevation.  Interestingly, they 
found the former: The fundamental O2 response to exercise was, in fact, greater 
under these specific circumstances. 
• 2002 – To unveil the potential mechanism(s) responsible for the prior exercise 
effect they had found, Burnley et al. (2002b) and Koppo and Bouckaert (2002) each 
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used passive warming of the active musculature to show that temperature elevation 
per se did not facilitate the same changes.  Furthermore, Koga et al. (1997) had 
previously reported a small increase of the O2 slow component with passive 
heating using hot-water-perfused pants.  Additionally, Burnley et al. (2002b) 
showed that the prior-exercise effect was still present when the prior bout consisted 
of multiple sprints that resulted in similar elevation of blood [lactate], but not 
temperature.  Collectively, these findings indicate that the effect should not be 
considered a ‘warm-up’ if that term is intended to be used in a literal manner. In 
another study, Burnley et al. (2002a) averaged the integrated electromyogram 
(iEMG) responses of three leg muscles and found that iEMG during the first two 
minutes of high-intensity cycling was significantly greater after priming.  The 
authors advanced this as evidence that priming altered the motor unit recruitment 
pattern during subsequent exercise and theorised a shift from delayed-onset to 
earlier activation.  Interestingly, delayed-onset fibre recruitment to account for 
fatigue had been one of the mechanisms speculated to underpin the O2 slow 
component during high-intensity exercise (Gaesser and Poole, 1996).  Therefore, a 
priming-induced shift from delayed-onset to earlier recruitment would be consistent 
with the changes in O2 profile that were observed. 
Other investigations that have attempted to link the priming effect with altered motor unit 
recruitment have returned equivocal findings (see Tables 2.3 and 2.4 below).  However, to 
date, the vast majority of investigations have confirmed that under normal exercise 
circumstances (i.e., when blood flow is not restricted and/or when O2 kinetics is not 
unusually slow), the facilitation of O2 kinetics attributable to priming is exclusively 
amplitude-based (Burnley et al., 2000; Burnley et al., 2001; Koppo and Bouckaert, 2001; 
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Scheuermann et al., 2001; Burnley et al., 2002a; Burnley et al., 2002b; Wilkerson et al., 
2004b; Burnley et al., 2005; Endo et al., 2005; Bailey et al., 2010).  The characteristic 
prior-exercise effect can, therefore, be described as the tendency for prior heavy exercise 
that results in residual blood lactic acidosis to speed the overall O2 response as a result of 
an increased primary component amplitude and a reduced amplitude of the O2 slow 
component, with no change in the primary component time constant (Burnley et al., 2005).  
Figure 2.5 depicts this well-established prior-exercise effect. 
 
 
Figure 2.5: The characteristic effect of prior high-intensity priming exercise on O2 
kinetics.  The τ describing the phase II O2 rise during both the unprimed 
(open circles) and primed (closed circles) depicted response profiles is the 
exact same (25 s).  However, after priming, the overall oxidative response is 
facilitated because the primary amplitude is increased and the O2 slow 
component is reduced.   
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Although the characteristic prior-exercise effect seems to occur in conjunction with 
residual blood lactic acidosis, justification for a precise mechanistic link between blood 
lactate accumulation and the alterations in O2 kinetics that are present following priming is 
currently lacking (e.g., see Poole et al., 1994).  It is, therefore, likely that, in this case, the 
role of lactate is not a direct one (Burnley et al., 2006).  Furthermore, although atypical, 
there are a number of circumstances where phase II O2 kinetics is accelerated by priming.  
For example, Jones et al. (2006) found that τp was reduced from ~38 to ~24 s during high-
intensity cycling in the supine position after a high-intensity priming bout.  This speeding 
was correlated with the extent to which phase II O2 kinetics was slower in the supine 
compared to upright condition and, after priming, τp was no longer significantly different 
from the upright value (~29 s).  The authors suggested that due to the supine posture, an 
O2-delivery limitation had been superimposed upon the normal locus of regulation 
(“intracellular factors”) such that the constraint that was present in the supine bout was 
negated by priming.  Similar results have been reported by Koppo and Bouckaert (2005) 
for arm crank exercise where priming reduced τp during high-intensity exercise above 
(unprimed, ~50 s; primed, ~41 s), but not below (~36 s for both conditions) the level of the 
heart.  Collectively, these results suggest that when interventions that alter O2 availability 
compromise O2 kinetics (e.g., see Equation 5 in Figure 2.4), priming can reduce τp.  This 
also appears to be the case when τp is unusually long because of specific characteristics of 
the subjects being tested (e.g., in older adults; DeLorey et al., 2004; Gurd et al., 2009); 
however, to date, there has been only one report of priming-induced acceleration of phase 
II O2 kinetics in healthy, young subjects with ‘normal’ τp values (τp reduced from ~29 to 
~22 s after sprint cycle priming; Tordi et al., 2003).  A possible explanation for these 
aberrant findings is that the subjects studied were trained cyclists ( O2peak of ~65 
ml·kg·min) that were operating at a high percentage of their functional capacity (~85%      
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O2peak; i.e., a work rate that resulted in the attainment of ~97% O2peak after six minutes of 
exercise ) (Tordi et al., 2003).  It is possible that O2 kinetics might be particularly sensitive 
to changes in O2 availability in this type of subject under these circumstances (Burnley et 
al., 2005). 
The role of O2 under ‘normal’ conditions 
The fact that an intervention that should enhance both convective and diffusive muscle O2 
delivery does so without shortening τp suggests that O2 is not the critical rate modulator of 
oxidative function during normal metabolic transitions.  Further support for this notion 
comes from Wilkerson et al. (2006), who found that τp was not shortened when subjects 
breathed a hyperoxic gas mixture (50% O2 in N2) to increase arterial O2 content during 
transitions to moderate (90% GET), severe (70%∆) or extreme (105% O2 peak) cycle 
ergometer exercise.  Interestingly, this was even the case for one subject who experienced 
severe exercise-induced arterial hypoxaemia during the high-intensity bouts in the control 
condition.  In another study, Wilkerson et al. (2005) showed that a 7% increase in 
haemoglobin concentration resulting from four weeks of recombinant human erythropoietin 
treatment also did not serve to accelerate the phase II O2 response.  Muscle blood flow was 
not measured directly in these studies, however, so the results must be interpreted with 
some degree of caution.  For example, there is evidence to suggest that during exercise in 
hyperoxic conditions, leg blood flow is reduced (Welch et al., 1977).  Although not a 
universal finding (e.g., see Knight et al., 1993), this means that compensatory adjustments 
might occur to normalise muscle O2 delivery at different capillary PO2 values (Poole and 
Jones, 2005).  
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In summary, there is evidence to suggest that restricting O2 availability might sometimes 
slow the primary O2 response, but increasing its availability cannot accelerate it.  This 
implies that O2 is not the critical rate modulator but, instead, exerts control only when its 
reserve capacity is exhausted (i.e., operates in a role similar to reactant C in Figure 2.4).  
This has led Poole and Jones to characterise oxidative control in accordance with a 
continuum, as outlined in Figure 2.6 (Poole and Jones, 2005; Poole et al., 2007; Poole et 
al., 2008).  In this schematic, a critical point exists below which O2 delivery is no longer 
 
 
Figure 2.6: Theoretical model depicting the degree of influence O2 availability plays in 
setting the phase II O2 time course.  Within the O2-availability independent 
zone, the critical rate modulator exerts control; therefore, O2 availability can 
be augmented or restricted without altering τp.  However, once O2 availability 
is compromised sufficiently to traverse the tipping point, the critical rate 
modulator’s control is circumvented and τp is lengthened according to the 
degree of O2 restriction.  Adapted from Jones and Poole (2005). 
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sufficient to maintain O2 kinetics.  This divide separates O2-delivery independent and 
dependent zones, and indicates the point at which the critical rate modulator’s control is 
circumvented.  Notice that phase II O2 kinetics is slowed (i.e., τp is lengthened) only when 
O2 delivery is compromised sufficiently to cross this ‘tipping point’ (i.e., shift control from 
the critical rate modulator).  It is reasonable to assume that considerable inter-individual 
variation exists with respect to the point of ‘normal’ function within this range and chronic 
(e.g., aging, detraining, disease, conditioning) and acute (e.g., exercise modality, body 
position, vascular occlusion) manipulations should further influence this set-point.  
 
Control of oxidative function by intracellular processes 
If normal metabolic transitions are characterised by sufficient O2 at the sites of oxidation to 
support the increased electron flow, the finite O2 response (i.e., the fact that muscle O2 
uptake achieves its requisite level in an exponential, as opposed to immediate, square-wave 
manner) must be attributable to intracellular processes that provide electrons to the 
transport chain.  As indicated by the equation that depicts the resynthesis of ATP via 
cellular oxidation (see p. 40), these include the cellular redox and phosphorylation 
potentials (i.e., [NADH]/[NAD+] and [ATP]/[ADP] x [Pi], respectively).  
        
Intracellular control – redox potential 
The pyruvate dehydrogenase complex (PDC) contains enzymes that reduce NAD+ to 
NADH while decarboxylating pyruvate to acetyl-CoA for tricarboxylic acid cycle 
oxidation.  Consequently, this mechanism exerts considerable control over the redox 
potential within the cell and could be the critical rate modulator within the oxidative chain.  
However, while pharmacological activation of the PDC has been shown to cause a 
‘stockpiling’ of acetyl groups (Greenhaff et al., 2002) and a reduction in substrate-level 
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phosphorylation in humans during subsequent exercise (Timmons et al., 1998), further 
investigation revealed that the source of this facilitation was amplitude-based (i.e., a 
reduction in the amplitude of the primary O2 response) (Rossiter et al., 2003) and no 
acceleration of τp in either animals (Grassi et al., 2002) or humans (Bangsbo et al., 2002; 
Rossiter et al., 2003; Jones et al., 2004a) has been found.    
 
Intracellular control – phosphorylation potential 
When exercise is initiated, increased contractile-related ATP hydrolysis causes free ADP 
and Pi concentrations within the cytoplasm to rise.  Therefore, it is logical to speculate that 
ATP regeneration via oxidative phosphorylation within mitochondria could be linked in 
some way with the phosphorylation potential within the cytoplasm (Chance and Williams, 
1955).  In addition, ATP hydrolysis in the cytoplasm is effectively buffered by [PCr] 
degradation such that ATP concentration is closely maintained (Rossiter et al., 2002b).  
However, this tight control would be short-lived were it not for an increased contribution 
from oxidative phosphorylation, so feedback control of mitochondrial respiration from the 
breakdown of [PCr] also has a strong theoretical basis (Saks et al., 2001; Walsh et al., 
2001).  Interestingly, PCr/Cr phosphate exchange also provides a mechanism that allows 
the spatial divide between cytoplasm and mitochondria to be traversed (Bessman and 
Geiger, 1981).  Therefore, it is not surprising that this mechanism has been implicated as a 
potential key player in metabolic control (Rossiter et al., 2005).    
 
The creatine phosphate shuttle  
PCr hydrolysis in the cytoplasm is functionally linked to oxidative phosphorylation in 
mitochondria by a mechanism termed the creatine phosphate shuttle (Bessman and Geiger, 
1981).  This system operates through the actions of two isoforms of creatine kinase – one 
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that exists in the cytoplasm and another that resides within the intermembranous 
mitochondrial space.  Creatine phosphate shuttling and the corresponding control of 
cellular respiration have been suggested to occur as follows: 
1.) Free energy to drive the contractile process is liberated from ATP via hydrolysis by 
the ATPase enzymes of contraction (ATP + H2O → ADP + Pi + Free Energy). 
2.) Cytoplasmic creatine kinase rephosphorylates ADP at the expense of PCr (ADP + 
PCr → ATP + Cr). 
3.) Newly formed Cr moves readily from cytoplasm to intermembranous mitochondrial 
space. 
4.) Mitochondrial creatine kinase rephosphorylates Cr at the expense of ATP (Cr + 
ATP → ADP + PCr) that is provided by oxidative phosphorylation. 
5.) Newly formed PCr moves readily from intermembranous mitochondrial space back 
to cytoplasm to complete the cycle. 
6.) Intermembranous ADP stimulates transmembrane ADP/ATP exchange 
(translocation) so that ADP entrance into and ATP exit from the inner 
mitochondrial membrane is facilitated. 
7.) Increased ATP in intermembranous space satisfies mitochondrial creatine kinase 
reaction. 
8.) Increased ADP in inner membrane stimulates electron transport and the 
rephosphorylation of ADP via oxidative phosphorylation.  O2 uptake increases 
accordingly. 
 
The creatine phosphate shuttle hypothesis was originally forwarded by Bessman and 
Geiger (1981) and further elucidated in subsequent years by investigations that confirmed a 
direct linkage between [PCr] breakdown and O2 uptake. For example, Mahler (1985) 
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studied isolated frog sartorius muscle and found [PCr] kinetics that matched that of muscle 
O2, with each response demonstrating linear, first-order control.  Similarly, Rossiter et al. 
(1999, 2002b) used 31phosphorous nuclear magnetic resonance spectroscopy (31P-MRS) to 
estimate the dynamics of intramuscular [PCr] simultaneously with O2 measurement in 
humans performing both moderate and heavy on- and off-exercise transients and returned 
similar findings.  Specifically, when a square-wave alteration in metabolic demand is 
encountered, the exponential change in O2 is directly mirrored by an exponential change in 
[PCr] such that the τ describing each response is similar.  Furthermore, observations of a 
[PCr] slow component during heavy exercise (Rossiter et al., 2001; Rossiter et al., 2002a; 
Jones et al., 2008) also indicate agreement between the [PCr] and O2 profiles.  These 
findings cohere with the earlier work of Meyer, who used similar technology to study [PCr] 
degradation in response to different stimulation/recovery cycles during electrically-induced 
contractions in anesthetised rats and observed a [PCr] τ that was invariant across a range of 
stimulation rates and also at the onset and offset of stimulation (i.e., a [PCr] response that 
obeyed the law of superposition) (Meyer, 1988).  This prompted him to advance a model of 
respiratory control based on a simple electrical analogue for a linear, first-order system 
transformed to accommodate chemical components (see Figure 2.7).  
 
The electrical analogue model of respiratory control 
In Meyer’s electrical analogue model of respiratory control, the current (Icy) represents the 
rate of cytoplasmic ATP hydrolysis, the voltage (Vo) represents the associated free energy 
liberation and Vb represents the free energy potential that is available due to the proton 
electrochemical gradient established within the mitochondria.  Furthermore, the resistor 
(Rm) is a function of mitochondrial volume and density, and the current associated with the  
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Figure 2.7: The electrical analogue model of respiratory control proposed by Meyer.  
Within this schema, the creatine kinase reaction acts as a chemical capacitor 
that is responsible for a linear, first-order oxidative response.  See text for 
further details.  Adapted from Meyer (1988).  
 
latter represents the rate of oxidative phosphorylation that characterises the response.  
Finally, the capacitance (C) associated with this circuit is due to the creatine kinase reaction 
and, consequently, [PCr] is analogous to the stored charge on a capacitor.  Therefore, 
according to this model, the τ for the exponential fall in [PCr] and associated rise in 
oxidative phosphorylation (i.e., O2) at exercise onset depends upon mitochondrial 
resistance and metabolic capacitance.  This is supported by reports that endurance training 
that increases citrate synthase activity (i.e., decreases mitochondrial resistance) and 
depletion of total creatine content (and, therefore, metabolic capacitance) both accelerate 
[PCr] kinetics in rat muscle (Meyer et al., 1989; Paganini et al., 1997). 
 
If respiratory control is established in the manner suggested by Meyer’s analogue model, 
predictable changes should accompany alterations of creatine kinase function and/or total 
Vb 
Rm 
VO 
Icy C
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[PCr] content within the system.  For example, reduced [PCr] should decrease circuit 
capacitance and cause mitochondrial respiration to respond at a more rapid rate.  
Interestingly, it has been shown that acute creatine kinase inhibition resulted in faster 
intracellular PO2 kinetics in isolated Xenopus myocytes (Kindig et al., 2005).  This has 
resonance because similar facilitation would equate to faster O2 kinetics in intact muscle.  
(Note: Results from this study also illustrate the dual role of the creatine kinase reaction in 
serving to modulate metabolic transitions as peak tetanic tension was reduced and 
fatiguability increased during the bout of repetitive contractions when creatine kinase was 
inhibited.  This was likely due to the absence of creatine kinase to buffer the fall in ATP 
that is present at exercise onset (Kindig et al., 2005).)   Conversely, Jones et al. (2009) 
showed that increasing muscle total creatine content via dietary creatine supplementation 
slowed [PCr] kinetics across transitions from rest to both moderate- and high-intensity 
knee-extension exercise (Jones et al., 2009).  This is also consistent with Meyer’s model 
because increased creatine content would result in increased metabolic capacitance. 
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The work-to-work exercise effect 
Work-to-work exercise transitions revisited 
Work-to-work transitions were revisited in 1987 when modelling specialist R. Hugh 
Morton recognised the findings from the Whipp group (an unchanged O2 τ for work-to-
work compared to full transitions: Casaburi et al., 1977; Diamond et al., 1977), the Di 
Prampero group (faster O2 kinetics from an elevated baseline: Di Prampero et al., 1970; 
Davies et al., 1972) and Hughson and Morrissey (a delayed work-to-work response: 
Hughson and Morrissey, 1982; Hughson and Morrissey, 1983) and suggested a number of 
methodological considerations that might account for the ambiguity (Morton, 1987).  
Specifically, he cites the limited intensity ranges for the on-transients studied, the omission 
of off-transient data and the modelling procedures that were employed as possible areas of 
concern.  Morton (1987) believes that sufficient empirical evidence exists to accept the 
assumption of an analogue model of respiratory control where the instantaneous rate of O2 
increase is proportional to the difference between instantaneous O2 and that which is 
required for the imposed workload.  However, he suggests that acceptance of this model 
and use of the corresponding exponential equation (i.e., one that describes first-order 
behaviour) when testing the presence of first-order behaviour is inappropriate.  Morton also 
points out that the incorporation of a time delay in the exponential model can be justified 
only by “statistical convenience.”  For example, he uses data from Hughson and Morrissey 
(1982, 1983) (time delay estimates for the O2, cO2 and ventilatory responses that ranged 
from -11.4 to +42.0 s with standard errors up to ± 36.6 s) to determine that a null 
hypothesis of no delay could be rejected at the 5% level in only one of 23 cases.  In 
conjunction with results from other studies, he finds this to be insufficient evidence to 
justify inclusion of such a term even though he does recognise a conceptual framework for 
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a response delay based on the muscle/mouth spatial divide (see Whipp (2009) and Stirling 
and Zakynthinaki (2009) for a recent debate that revisited this issue).  
 
Morton’s exposé was designed to increase awareness of potential confounding factors so 
that future work-to-work investigations would yield more reliable conclusions.  A new 
generation of studies designed to elucidate the issue would follow.  The first was by the Di 
Prampero group, who changed key aspects of their previous methodology in an attempt to 
clear up the confusion (Di Prampero et al., 1989).  Specifically, they eschewed mixing 
chamber collection and utilised the same breath-by-breath technology that the Whipp group 
(but not Hughson and Morrissey) had employed in their previous work.  In addition, they 
recognised that the data from both other groups were obtained during cycle ergometry as 
opposed to the forms of exercise that they had studied (stepping and treadmill).  
Consequently, in this investigation, they analysed both stepping and cycling.  Finally, they 
addressed the concerns of Morton by also analysing off-transients and employing 
modelling techniques that characterised the entire on-transient response from the onset of 
work without the assumption of exponentiality.  Unfortunately, while more objective, this 
form of modelling is also necessarily vague. 
 
The protocols of Di Prampero et al. (1989) included two full transitions (from rest to ~20% 
and ~60% O2max), two work-to-work transitions (from 20-65% O2max to 40-85% O2max; 
most transitions spanning O2 increments of ~20-40% O2max) and corresponding off 
transitions that mirrored the on-transients.  To characterise their responses, they determined 
steady state O2 values for each distinct level of metabolic activity and used these to 
integrate the O2 deficit and corresponding half-time of the response.  In addition to 
providing a characterisation not based on an exponential assumption, this method obviated 
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the need to remove the cardiodynamic phase from consideration and also eradicated 
controversy surrounding delay-term inclusion.   
 
Interestingly, the results from Di Prampero et al. (1989) suggested a modality-distinct 
work-to-work effect.  Specifically, they found a greater O2 deficit when a workload 
increment was encountered from an elevated baseline during cycling, but not stepping 
exercise.  Their analyses of O2 half-time showed a similar pattern – a progressive slowing 
with increasing baseline during cycle transitions and faster kinetics for transitions from 
mid-range (15-30% O2max) compared to rest or higher baselines (40% O2max) during 
stepping.  Their interpretation was that faster work-to-work kinetics will prevail when the 
accelerating influence of muscle O2-store depletion outstrips the slowing created by a 
contribution from anaerobic glycolysis while a slower response indicates a reversal of this 
balance.  They cite a much steeper ∆blood [lactate]/∆ O2 slope for cycling compared to 
stepping to support this contention.        
 
The observations by Di Prampero et al. (1989) cohere with those of Hughson and 
Morrissey (1982) for cycle exercise while also supporting the previous findings (at least for 
transitions from mid-range baselines) for stepping from their lab.  However, it’s important 
to note that exercise intensity domain was not controlled for in this study.  Consequently, a 
O2 slow component was likely present during the higher transitions.  Furthermore, the 
same absolute increment in O2 during cycling and stepping might not have represented the 
same relative change in metabolic capacity.  The different blood [lactate] profiles they 
report for cycling compared to stepping is consistent with this suggestion.       
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If the analogue model of respiratory control is correct and critical rate modulation of O2 
kinetics under normal circumstances is principally established via creatine-kinase reaction 
feedback control (Meyer, 1988), the mechanistic basis of the work-to-work effect shown by 
Hughson and Morrissey (1982) and supported by Di Prampero et al. (1989) must be 
reconsidered.  If an O2-delivery limitation was responsible for slower work-to-work 
kinetics, it would not represent simple compromise of the critical rate modulator as 
suggested (Hughson and Morrissey, 1982; Hughson and Morrissey, 1983).  Instead, 
circumvention of the controller (i.e., compromise of O2 delivery to a sufficient degree such 
that creatine kinase-determined ADP phosphorylation in mitochondria cannot be matched 
by O2 binding at cytochrome c oxidase; see Figure 2.4; reactant C compared to B in 
Equation 5) or alteration of its modulation (e.g., through adjustment of the cellular 
energetic state; i.e., ATP + [PCr]) would be implicated. 
 
In 2001, a publication by Brittain et al. (2001) served as the genesis for a new generation of 
investigations designed to assess the effect of an elevated baseline on O2 kinetics.  
Recognising the disparate findings from earlier research with respect to moderate domain 
dynamic linearity, these scientists set out to resolve the issue by determining both on- and 
off-transient kinetics during transitions to and from 90% GET that were completed in either 
one full or two half steps.  Improving on the measurement technology utilised by Hughson 
and Morrissey (1982) while employing similar modelling procedures, Brittain et al. (2001) 
used breath-by breath analysis of multiple like-transitions to improve confidence in 
parameter estimation and confirmed previous single-transition findings by that group; 
specifically, the presence of slower on-transient kinetics in the upper compared to lower 
moderate region ( O2 τ, ~40 and ~25 s, respectively).  However, in contrast to Hughson and 
Morrissey (1982), they also reported a τ value that was significantly different from both 
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(~32 s) when the increment was completed in one full step.  On-transient MRT values 
followed a similar trend, although significance was not attained in any case (resonant with 
the findings of Diamond et al. (1977), who derived their half-time estimates without phase 
I removal) and off-transient kinetics (both τ and MRT) was invariant, regardless of the 
transition that elicited the response.  In addition, the on-response G was different for all 
three transitions (lowest in the lower region, highest in the upper region and intermediate 
for the full transition), which was an unexpected and novel finding. 
   
Work-to-work effect: implications for metabolic control 
Brittain et al. (2001) confirmed that the O2 response is not dynamically linear, even below 
GET.  However, the methodology they employed did not allow for the identification of 
contributory mechanisms.  Nevertheless, these researchers advanced a theory that has 
received considerable attention in subsequent work.  Brittain et al. (2001) suggested that 
nonlinear O2 kinetics in the moderate domain might be attributed to diverse response 
characteristics of different segments of the fibre recruitment pool.  Human skeletal muscle 
comprises fibres with distinctly different bioenergetic properties that are recruited in a 
hierarchical manner depending primarily on the intensity of the contractile activity taking 
place (Henneman et al., 1965).  By its very nature, the pulmonary O2 signal will 
homogenise any oxidative response diversity within an activated pool during a transition 
that requires input from a heterogeneous fibre population.  However, if a similar transition 
is completed in two discrete steps, response characteristics that would more closely reflect 
those displayed by fibres at opposite ends of the pool would be unveiled.      
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Muscle fibre type and motor unit activation 
According to the well-established size principle advanced by Henneman et al. (1965), 
smaller motor units have lower activation thresholds and are, therefore, recruited when a 
minimal central nervous drive for activation is present (e.g., when contractile intensity is 
low during exercise).  These motor units contain type I (slow twitch) muscle fibres that 
generally have greater mitochondrial density and also have more myoglobin content, higher 
capillarity and greater capacity to resynthesise ATP via oxidative phosphorylation 
(Gollnick et al., 1972; Gollnick et al., 1973; Essen et al., 1975; Elder et al., 1982; Nemeth 
and Lowery, 1984).  At the other end of the spectrum, type IIX fibres that have limited 
oxidative potential are only activated at high intensity when a greater drive through the 
recruitment hierarchy is required.  Type IIA fibres are situated intermediate to these 
extremes, although this three-tier delineation system is presumed to oversimplify what are 
likely more gradual gradations from one end of the spectrum to the other (Bottinelli and 
Reggiani, 2000).  It is also important to recognise that in addition to the quantity of motor 
units being recruited, force gradation in a contracting muscle is also a function of the 
frequency of action potential discharge (rate coding) within recruited motor units.  
However, when different muscles of similar fibre type are compared, the larger muscles 
that perform gross movements of the limbs (e.g., those that would be predominantly 
involved in conventional exercise activities like cycling) appear to rely more on recruitment 
as the primary means for increasing force development (Seki and Narusawa, 1996). 
 
Characteristics of muscle fibre types: in-vitro investigations 
In-vitro studies of animal muscle provide evidence that fibres at opposite ends of the 
recruitment hierarchy evince marked differences in the ability to receive and utilise O2.  For 
example, phosphorescence quenching that allows high-fidelity determination of 
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microvascular O2 pressure (PmvO2) has been used to assess the dynamic balance between 
O2 delivery and O2 utilisation at the onset of contractions in rat muscle of contrasting fibre 
types (Behnke et al., 2003; McDonough et al., 2005).  However, prior to this research, the 
profile for healthy whole muscle (i.e., muscle comprising the three principal fibre types) 
was determined and it was shown that PmvO2 does not change during the first ~10-20 
seconds following the onset of contractile activity (Behnke et al., 2002a). This implies an 
initial O2 delivery-to-utilisation matching in healthy whole muscle, presumably due to 
hyperemia not specifically apportioned to active fibres (Poole et al., 2007).  Thereafter, 
PmvO2 decreases exponentially to the requisite (steady state) level (Behnke et al., 2002a), 
which suggests increased fractional O2 extraction as blood flow is distributed to areas of 
need (Poole et al., 2007).  Interestingly, a similar profile has been shown for arterial-venous 
O2 extraction across (Grassi et al., 1996) and deoxyhaemoglobin-inferred (estimated via 
near-infrared spectroscopy; NIRS) O2 extraction within (DeLorey et al., 2003; Grassi et al., 
2003) contracting muscle of exercising humans; therefore, this can be considered the 
characteristic ‘whole-muscle’ response in the absence of disease (Poole et al., 2007). 
 
The biphasic profile of fractional O2 extraction (see above) suggests that muscle O2 
delivery does not limit muscle O2 consumption in healthy muscle.  However, fibre-type-
specific differences in the PmvO2 profile suggest additional complexity.  Behnke et al. 
(2003) were the first to investigate these differences by determining PmvO2 profiles for rat 
soleus and peroneal muscle (predominantly type I and type II fibres, respectively) and 
found that soleus demonstrates a longer MRT and smaller amplitude (i.e., a blunted PmvO2 
response).  Importantly, these two muscles possess similar oxidative capacity (and, 
presumably, by extension, O2 kinetics); therefore, the rate of O2 utilisation in the 
contrasting fibre types was controlled for in this investigation.  Consequently, the blunted 
Chapter 2: Review of Literature. The work-to-work exercise effect 
   
64
PmvO2 response that was observed meant that soleus benefited from a more precise 
matching of muscle O2 delivery to muscle O2 utilisation, which would allow for a greater 
capillary pressure head for blood-tissue O2 transfer across the rest-to-exercise transition.   
 
McDonough et al. (2005) extended the findings of Behnke et al. (2003) by including three 
different muscle fibre types (soleus, mixed gastrocnemius and white gastrocnemius; i.e., 
predominantly type I, type IIa and type IIb fibres, respectively) and different intensity 
levels of contraction (i.e., low and high stimulation).  Results showed that for both type II 
muscles, PmvO2 kinetics was more rapid at the onset of contractions and PmvO2 was 
significantly lower at rest and during both stimulation protocols despite a lower O2.  This 
confirmed that unlike type I fibres, these fibres must rely on rapid and large changes in 
fractional O2 extraction to attain a given O2.  Furthermore, the higher contraction intensity 
elicited a faster PmvO2 response in all fibres, but a further lowering of PmvO2 in type II 
fibres only.  Finally, there was a transient undershoot of PmvO2 below the steady state value 
in type II, but not type I fibres.  Interestingly, this characteristic had previously been 
reported in muscle of mixed fibre-type only when pathological conditions that impair O2 
delivery (e.g., diabetes and heart failure) were present (Diederich et al., 2002).   
 
The precipitous fall and transient overshoot of PmvO2 indicates that O2 delivery does not 
match O2 utilisation at the onset of contractions in type II fibres (McDonough et al., 2005).  
This suggests that a commensurate fall in intracellular PO2 will occur (Kindig et al., 2002).  
Considering current models of metabolic control (Meyer, 1988; Meyer, 1989), this would 
mandate a greater change in phosphate-linked regulators of mitochondrial respiration in 
response to a given increase in metabolic demand (Poole et al., 2007).  Consequent to these 
changes and much like what has been found when diseases that impair the cardiovascular 
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response to exercise mandate a similar PmvO2 response profile (Diederich et al., 2002; 
Poole et al., 2005), O2 kinetics might be O2 dependent in these fibres (Poole et al., 2007; 
see Figure 2.6) and τp, therefore, lengthened (Behnke et al., 2002). 
 
In-vitro evidence supporting the notion that O2 kinetics is slower in type II fibres comes 
from Crow and Kushmerick (1982), who demonstrated that τ for mouse extensor digitorum 
longus muscle (predominantly type II fibres) is significantly longer compared to τ for 
soleus muscle (~138 s v. ~36 s).  These researchers and others have also shown that in 
mouse/rat muscle, type II fibres are less energetically efficient (i.e., yield less ATP per 
volume O2 consumed and/or require more ATP per unit contractile tension developed) 
(Wendt and Gibbs, 1973; Crow and Kushmerick, 1982; Crow and Kushmerick, 1983; 
Reggiani et al., 1997).  If high-order fibres also have a poor capacity to receive/utilise O2 
and poor oxidative efficiency in human muscle in vivo, it is interesting to reconsider the 
speculation of Brittain et al. (2001) (see above; i.e., pg. 61). 
 
Work-to-work exercise and fibre-type specificity 
If a pool of fibres with considerable metabolic diversity (either across the type I range or 
including both type I and IIA constituents) was required to satisfy a full transition from 20-
W cycling to 90% GET, a transition that only spanned the upper region of this range should 
be characterised by slower O2 kinetics and an increased O2 cost of work compared to the 
transition that spanned the lower region.  This is precisely what Brittain et al. (2001) had 
shown.  Furthermore, one might expect values that were intermediate to these two extremes 
when this diversity was homogenised by including all fibres in a single transition to the 
high moderate work rate.  The τ and G values reported by Brittain et al. (2001) also support 
this notion.  Finally, fibres that reside higher in the recruitment hierarchy have greater total 
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[PCr] content and slower [PCr] kinetics (Söderlund and Hultman, 1991); therefore, a 
slower oxidative response during a transition that exclusively involves these fibres is in 
agreement with the Meyer’s analogue model, which suggests increased circuit capacitance 
and a slower adaptation of mitochondrial respiration under these circumstances (Meyer, 
1988; Meyer, 1989).   
 
A hypothetical model that illustrates the speculation forwarded by Brittain et al. (2001) is 
provided in Figure 2.8.  In this schematic, muscle fibres are represented by the horizontal 
bars, the heights of which indicate their place along the recruitment hierarchy.  In this case, 
the assumption is that only type I fibres are recruited; hence, they are all of the same height.  
However, there is variance in oxidative/non-oxidative capacity as indicated by the red 
(oxidative) and blue (non-oxidative) shadings.  Consequently, despite the fact that the 
pulmonary O2 response profile characterising a full transition from 20-W cycling to 90% 
GET is indistinguishable from a single exponential, it rightly represents the combined 
influences of diverse exponential responses (i.e., responses with different τ and G values) 
that are present at opposite ends of the domain (Brittain et al., 2001; Whipp and Rossiter, 
2005; Whipp et al., 2005).  
 
Work-to-work exercise and O2 availability  
With the dawning of the millennium came a number of new research groups attempting to 
elucidate the mechanistic basis of the work-to-work exercise effect.  Recognising the 
conflicting theories advanced by Hughson and Morrissey (1982, 1983) and Brittain et al. 
(2001), MacPhee et al. (2005) set forth to determine why work-to-work transitions were 
slower by using NIRS to monitor relative changes in active muscle oxy- (HbO2), deoxy- 
(HHb) and total (Hbtot) haemoglobin concentration during metabolic transitions within
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Figure 2.8: A hypothetical model depicting the effect of muscle fibre type on O2 kinetics 
during exercise transitions in the lower and upper region of the moderate-
intensity domain.  See text for further details.   
  
 
different regions of the moderate-intensity domain.  NIRS provides insight into the 
dynamic balance between O2 delivery and utilisation in the area of interrogation so, in 
conjunction with measurements of pulmonary O2, leg blood flow (determined by pulse-
waved Doppler ultrasonography) and heart rate, these researchers hoped to resolve whether 
O2 availability was, in fact, constraining O2 kinetics during work-to-work transitions.  
MacPhee et al. (2005) had subjects transition from 3-W work to 90% GET during two-
legged knee-extension exercise in either one full or two half steps and, consistent with prior 
. . . 
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findings, observed slower O2 kinetics in the upper compared to both lower and full 
moderate regions.  Furthermore, in support of Brittain et al. (2001), they found that G was 
greater in the upper region compared to both other transitions (~18.1 ml·min-1·W-1 v. 13.5 
and 14.9 in lower region and full transition, respectively).  Novel findings from MacPhee et 
al. (2005) were τ values for the responses of HR, leg blood flow and vascular conductance 
that followed a similar pattern, which supported the hypothesis forwarded by Hughson and 
Morrissey (1982, 1983) and also use of HR kinetics as a non-invasive assessment of the 
peripheral blood flow adaptation to exercise.  (Note: Subsequent observation that kinetics 
of capillary blood flow is significantly slower than that of femoral artery blood flow during 
moderate knee-extension exercise by Harper et al. (2006) is not consistent with HR kinetics 
as a proxy for blood flow kinetics at the actual capillary-myocyte interface.)  Furthermore, 
MacPhee et al. (2005) observed [HHb] kinetics in the upper region that was characterised 
by a longer τ and MRT, but shorter response time delay.  A reduced [HHb] time delay is 
consistent with a slower adaptation of O2 delivery to the working musculature, but a 
lengthened τ and MRT are not.  These results and intra-transition comparisons across 
parameters are illustrated in Figure 2.9.  Finally, MacPhee et al. (2005) found an increased 
∆[HHb]/∆ O2 during the upper-region transition.  Normalising the [HHb] amplitude in this 
manner provides an index by which the need to extract O2 to support a given O2 can be 
assessed.  A greater need for O2 extraction is consistent with an O2 shortfall.  
 
The findings of MacPhee et al. (2005) provided strong support for the notion that the work-
to-work effect in the upper moderate region is mediated by a circulatory-related restriction 
of O2 availability.  However, additional empirical evidence to support this contention is 
lacking.  For example, it has been demonstrated that in isolated in situ canine 
gastrocnemius preparations, pump perfusion and adenosine-induced vasodilation that 
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Figure 2.9: Time constant values for O2 (open bars), HR (closed bars) and leg blood flow 
(horizontally striped bars), and MRT for HHb (vertically striped bars) during 
full moderate transitions and work-to-work transitions in the upper and lower 
moderate regions.  For within-parameter comparisons across transitions: 
*Significant difference compared to the lower and full transitions.  For within-
transition comparisons across parameters: #Significant difference compared to 
leg blood flow; ##Significant difference compared to HR and leg blood flow; 
###Significant difference compared to O2, HR and leg blood flow.  In all 
cases where differences were found, P < 0.05.  Adapted from MacPhee et al. 
(2005).   
 
establish muscle blood flow at the requisite steady state level prior to contractions at 60%  
O2max (i.e., moderate-intensity work) do not alter O2 kinetics (Grassi et al., 1998).  
Furthermore, as previously mentioned, O2 kinetics during moderate-intensity cycle 
exercise is not affected by high-intensity priming (Gerbino et al., 1996; Burnley et al., 
2000).  The reason for the contrasting findings of MacPhee et al. (2005) is unclear, but 
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might be related to the mode of exercise that was studied.  During knee-extension exercise, 
the active musculature was positioned differently with respect to the heart (although not at 
or above heart level), contractions were performed at a relatively slow rate (30 per minute) 
and work was isolated predominantly to one muscle group.  Furthermore, intramuscular 
forces are likely higher and fibre recruitment patterns quite different for knee-extension 
exercise compared to conventional cycling.  Any or all of these factors might account for 
an effect on circulation that would not be present during conventional cycle ergometry.  
 
Supra-GET work-to-work exercise 
Wilkerson and Jones were the next to investigate the work-to-work effect by using similar 
methodology for transitions that spanned multiple domains.  For example, in their initial 
study, subjects performed cycle transitions to severe-intensity exercise (~100% O2peak; i.e., 
a workload that was sustainable for, on average, 170 s) in either one full or two partial steps 
from 20-W baseline cycling (Wilkerson and Jones, 2006).  The partial transitions included 
both 20-W-to-moderate/moderate-to-severe and 20-W-to-heavy/heavy-to-severe protocols.  
Moderate and heavy bouts were performed at ~80% GET and 40%∆, respectively. 
 
In addition to expanding intensity range, which addressed one of Morton’s (1987) 
concerns, Wilkerson and Jones (2006) also assessed HR kinetics (as a proxy for leg blood 
flow kinetics, as per MacPhee et al. (2005)) and surface iEMG in this study.  Based on the 
hypothesis that O2 kinetics would be progressively slowed with each increase in baseline 
work rate, their objective was to test the O2-availability and fibre recruitment theories that 
had been forwarded to explain similar moderate domain nonlinearity.  Furthermore, they 
hoped to elucidate a potential mechanistic basis for the nonlinear characteristics of full 
severe transitions (a longer phase II τ and decreased phase II G compared to full moderate 
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transitions) that had been previously reported (e.g., Poole and Jones, 2005; Wilkerson et 
al., 2004c). 
  
Interestingly, Wilkerson and Jones (2006) found a complete dissociation between O2 and 
HR kinetics, as the phase II O2 τ progressively lengthened (from ~37 to ~59 to ~93 s; P < 
0.05 for the difference between the first and third value) as baseline work rate was 
increased with no corresponding change in the HR adaptive response (phase II HR τ of 
~41, 36 and 45 s for transitions from 20 W-, moderate- and heavy-cycling, respectively).  
However, there was electromyographic evidence to suggest differences between the three 
conditions.  Specifically, despite the fact that iEMG increased during the first 30 seconds of 
severe exercise and then levelled off in all cases, the increase occurred in relation to an 
elevated baseline iEMG during the transitions from moderate and heavy cycling.  Mean 
power frequency (MPF) followed a similar pattern, except it did not increase during the 
transition from heavy work.  The authors’ explanation was that during all transitions at the 
severe intensity regardless of preceding baseline, most available muscle mass was recruited 
(i.e., a relatively complete drive through the recruitment hierarchy was needed) to satisfy 
the increased requirement for contractile tension development.  This meant that when the 
transition was made from a moderate baseline already characterised by an elevated iEMG 
and mean power frequency, only a higher-order portion of this pool would be available for 
activation.  Furthermore, they suggest that the heavy baseline might have already 
incorporated this segment by the time the transition was made such that mean power 
frequency could not increase further.  Consequently, the increased iEMG under these 
circumstances could only be accomplished by increased rate coding in already recruited 
motor units (Wilkerson and Jones, 2006). 
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In addition to an invariant HR τ across conditions (not surprising given that the 
cardioacceleratory stimulus that facilitated all severe transitions was predominantly 
sympathetically driven regardless of baseline), Wilkerson and Jones (2006) found that HR 
kinetics was actually faster than O2 kinetics during both the moderate-to-severe and 
heavy-to-severe adaptations.  This had resonance with previous findings of muscle blood 
flow kinetics that was faster than O2 kinetics during high-intensity knee-extension exercise 
(Bangsbo et al., 2000) and provided evidence that slower work-to-work O2 kinetics was 
not due to a HR (and, by extension, bulk O2 delivery) limitation because as noted by Poole 
et al. (2008), it is difficult to reconcile how a faster response could rate limit a slower one 
(see Figure 2.4).  However, iEMG data did confirm differences in muscle activation and 
fibre recruitment population during the work-to-work transitions as fibres that would be 
expected to respond slower (i.e., high-order fibres) contributed an increased proportion of 
the work-to-work response.  These investigators also observed a trend for a progressive 
increase of G when severe exercise was initiated from higher work rates, which supported 
the findings of Brittain et al. (2001) for transitions in the moderate domain and is consistent 
with an increased proportional contribution of fibres that possess lower oxidative 
efficiency. 
 
In their next work-to-work study, Wilkerson and Jones examined transitions from 20-W 
cycling to heavy-intensity exercise (40%∆) that were completed in either one full or two 
incremental steps (Wilkerson and Jones, 2007).  This protocol supplied information on full 
moderate (80% GET), full heavy and work-to-work heavy O2 transients and, importantly, 
provided novel insight into the influence of work-to-work transitions on the O2 slow 
component as their previous study involved an intensity at which the slow component is not 
typically discerned.   
Chapter 2: Review of Literature. The work-to-work exercise effect 
   
73
Given their prior findings and those of the groups that examined moderate exercise, 
Wilkerson and Jones’ findings for phase II O2 and HR kinetics in this study (see Figure 
2.10) were not surprising.  Once again, G (in this case, both phase II and end-exercise) was 
greater for the work-to-work transition and there was no correlation between the work-to-
work slowing of O2 kinetics and changes in HR kinetics (see Figure 2.10).  However, a 
surprising finding was that the amplitude of the O2 slow component during heavy exercise 
was reduced for the work-to-work condition (~90 ml·min-1 v. ~260 ml·min-1 for the full
  
 
 
Figure 2.10: Time constant values for O2 (open bars) and HR (closed bars) during full 
moderate, full heavy and work-to-work heavy transitions.  For within-
parameter comparisons across transitions: *Significant difference compared 
to both other transitions (P < 0.05).  There were no significant within-
transition differences across parameters.  Adapted from Wilkerson and Jones 
(2007). 
20 
40 
60
Full Moderate Full Heavy Work-to-Work Heavy 
*
*
Ti
m
e 
C
on
st
an
t (
s)
 
Chapter 2: Review of Literature. The work-to-work exercise effect 
   
74
transition) and, in fact, totally eliminated in three of seven subjects (Wilkerson and Jones, 
2007).  As moderate priming exercise has been shown ineffective for facilitating the prior-
exercise effect (Gerbino et al., 1996; Burnley et al., 2000), this result was difficult to 
explain.   
 
Wilkerson and Jones (2007) also showed that the O2 deficit (estimated as the product of 
MRT and total response amplitude; note, this is an ‘estimate’ because of uncertainty 
regarding the use of the total response amplitude as the ‘steady state’ O2 from which back 
extrapolation to exercise onset takes place) per increment in work rate was greatest for the 
work-to-work condition, which would be expected if less efficient, slow-to-respond high-
order fibres were isolated during this transition.  Marshalling all of the findings from this 
study along with observations from prior research, Wilkerson and Jones (2007) concluded 
that the work-to-work effect is attributable to the isolation and unveiling of response 
characteristics specific to fibres that reside higher in the motor unit recruitment hierarchy.  
 
The intracellular work-to-work exercise effect 
Recently, Jones et al. (2008) provided further insight into work-to-work exercise by using 
31P-MRS to assess [PCr] kinetics during full and partial transitions to heavy-intensity work.  
Basing their hypothesis on Meyer’s analogue model of respiratory control (Meyer, 1982; 
Meyer, 1983) and the previously observed inverse agreement between O2 and [PCr] 
kinetics during moderate and heavy full transitions (Rossiter et al., 1999; Rossiter et al., 
2002a), these researchers had subjects perform heavy knee-extension exercise from either a 
resting baseline or moderate work and confirmed that the [PCr] adaptation was markedly 
different depending on the transition that elicited the response.  Specifically, an ~11 W 
increment from rest (moderate exercise) induced a [PCr] response that was both 
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monoexponential and rapid (τ, ~25 s); however, when the same change in workload was 
encountered during the transition from moderate-to-heavy exercise, a [PCr] slow 
component was present and the τ describing the fundamental response was dramatically 
lengthened (Jones et al., 2008).  The full transition to heavy exercise was also characterised 
by a slow component, but when the fundamental phase of the response was fit, a τ 
significantly different from and intermediate to the moderate and work-to-work values was 
revealed.  Furthermore, the [PCr] G of the response was greater over both the fundamental 
phase and entire bout for the work-to-work compared to full heavy transition (~4 and ~5% 
of resting level per W, respectively, compared to ~2 and ~3%) and the moderate transition 
engendered the lowest G.  These responses showed close agreement with those previously 
reported for O2 and provided further support for a functional link between high-energy 
phosphate splitting in the cytoplasm and oxidative phosphorylation in mitochondria (and, 
by extension, O2 at the lung).  Slowing of the [PCr] response is also consistent with 
heterogeneous fibre recruitment as the mediator of slower work-to-work O2 kinetics 
because an O2 constraint that reduced intracellular PO2 during these transitions would be 
expected to speed [PCr] kinetics via a compensatory decrease in cellular energetic state.  
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Influence of muscle fibre type on O2 kinetics   
Fibre-type influence in exercising humans in vivo  
In addition to inferences that can be drawn from in-vitro studies of animal muscle, there is 
a growing body of evidence to suggest that O2 kinetics is profoundly influenced by muscle 
fibre type and motor unit recruitment in exercising humans.  For example, it has been 
shown that subjects with a high proportion of type II fibres in the vastus lateralis muscle of 
the quadriceps are less efficient during cycle exercise than individuals with a higher 
proportion of type I fibres (Coyle et al., 1992).  Furthermore, in subjects of differing fitness 
levels, percent type I fibres was positively correlated with the phase II G, but negatively 
correlated with the relative contribution of the O2 slow component to the end-exercise O2 
during cycle exercise at 50%∆ (Barstow et al., 1996).  Similar associations have been 
demonstrated during both heavy (50%∆) and severe (70%∆) cycling, and a negative 
correlation between type I fibres and the phase II τ for heavy exercise has also been 
reported (Pringle et al., 2003a).  Collectively, these findings cohere with in-vitro studies of 
animal muscle and suggest that high-order fibres do, in fact, generate a slower and less 
efficient oxidative response in exercising humans.   
 
Intervention-induced alteration of fibre-type activation  
To further elucidate the influence of muscle fibre type and motor unit recruitment on O2 
kinetics, researchers have used interventions designed to alter fibre activation to assess how 
the oxidative response to exercise is affected.  For example, both fibre-specific glycogen 
depletion (Bouckaert et al., 2004; Carter et al., 2004; Krustrup et al., 2004a; Osborne and 
Schneider, 2006) and neuromuscular blockade (Krustrup et al., 2008) have been employed 
to reduce the proportional contribution of specific fibre types to the O2 response and 
glycogen depletion in type II fibres was associated with alterations that would be expected 
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if high-order response characteristics were dampened (i.e., a faster/earlier oxidative 
response which is, interestingly, very similar to the prior-exercise effect) (Carter et al., 
2004).  However, the effect that would be hypothesised if a greater high-order presence was 
needed to offset decreased type I glycogen content (i.e., a reduced primary G and increased 
slow component G) has not been universally shown (Bouckaert et al., 2004; Carter et al., 
2004; Osborne and Schneider, 2006).  A possible explanation is that the considerable 
capacity for free fatty acid oxidation in these fibres allows them to still function ‘normally’ 
in some cases even if glycogen is reduced (Bouckaert et al., 2004).  Nevertheless, there is 
evidence to suggest that ‘disabling’ low-order fibres results in a prolonged adaptation in 
both phases of the oxidative response (Krustrup et al., 2004a; Krustrup et al., 2008).  
Findings from these studies are summarised in Table 2.1.     
 
Cadence has also been manipulated during cycle ergometry in an attempt to skew fibre-
type activation proportionality.  It is widely accepted that type II fibre recruitment is 
enhanced (i.e., a greater drive through the recruitment hierarchy is facilitated) when a given 
power output is established via greater contraction frequency (Sargeant, 1999; MacIntosh et 
al., 2000; Sargeant, 2007).  Recognising this impact, Barstow et al. (1996) were the first to 
examine the effect of extreme cadence on O2 kinetics and found that transitions to heavy 
exercise were virtually unaffected by disparate pedal rates (45, 60, 75 and 90 rev·min-1).  In 
fact, other than a small reduction of primary component amplitude and G at 90 compared to 
the other three cadences, there were no significant differences in any kinetics parameters.  
However, Pringle et al. (2003b) would question whether the range of cadences examined 
by Barstow et al. (1996) was broad enough to reveal differences that might be present.  
Expanding the range from 35 to 115 rev·min-1, these researchers showed that O2 kinetics 
was markedly different at both extremely fast and slow pedal rates (Pringle et al., 2003b) 
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and future researchers studied similar rapid cadences to further elucidate the effect (Migita 
et al., 2006; Vercruyssen et al., 2008).  In support of their original experimental hypothesis, 
studies that examined the effect of extreme cadence on O2 kinetics subsequent to Barstow 
et al. (1996) confirmed that the amplitude of the O2 slow component was greater at 
extremely fast cadences (Pringle et al., 2003b; Migita et al., 2006; Vercruyssen et al., 
2008).  Furthermore, Pringle et al. (2003b) observed a reduced primary G during heavy 
exercise (cadence-specific 50%∆) at both 75 and 115 rev·min-1 (~9.5 and ~8.9 ml·min-1·W, 
respectively) compared to 35 rev·min-1 (~10.6 ml·min-1·W) and moderate cycling (80% 
GET) at 75 rev·min-1 (~10.6 ml·min-1·W).  In contrast, Migita et al. (2006) and Vercruyssen 
et al. (2008) each found that the primary amplitude during heavy cycling was greater at 
faster cadences (110 rev·min-1 compared to 60 and 50 rev·min-1, respectively); however, in 
these studies, subjects initiated their transitions from rest.  For any given power output, 
gross efficiency is lower at high pedal rates because of the additional energetic cost of 
turning the legs at the faster movement frequency (Gaesser and Brooks, 1975) and this 
extra oxidative expense can amount to 500 ml·min-1 or more at extremely fast cadences 
(Jones and Poole, 2005).  Consequently, initiating exercise from an ‘unloaded’ baseline 
(e.g., as in Pringle et al. (2003b)) that already includes this substantial expense is far 
different than initiating it from one that does not.  Findings from these studies are 
summarised in Table 2.2.   
 
Fibre-type activation – exercise intensity dependence 
With respect to specific fibre-type involvement, muscle biopsies extracted during both 
moderate- and high-intensity cycling have shown glycogen depletion profiles that suggest 
the exclusive involvement of type I fibres in the former and activation of both principal 
fibre types from close to exercise onset during the latter (Krustrup et al., 2004b).  In concert    
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with the aforementioned findings that suggest considerably different oxidative response 
characteristics in high- compared to low-order fibres, this observation supports the notion 
that the break from oxidative system linearity for exercise above the GET is a consequence 
of the need to recruit high-order fibres with diverse metabolic characteristics to satisfy the 
increased requirement for power production under these circumstances.    
 
 Muscle fibre type, motor unit recruitment and the O2 slow component 
A plethora of theories have been advanced to explain the O2 slow component phenomenon 
since it was first identified.  However, subsequent investigations would reveal that many of 
the proposed mediators (e.g., the O2 cost associated with circulating catecholamines, 
potassium, the gluconeogenic removal of elevated lactate, pulmonary work, cardiac work 
and muscle temperature) played little or no role.  For example, even though the temporal 
profile of blood [lactate] elevation during exercise above the GET is well correlated with 
slow component progression (Roston et al., 1987), direct L-(+)-lactate infusion into 
contracting dog gastrocnemius muscle does not elevate O2 (Poole et al., 1994).  
Furthermore, despite the fact that epinephrine infusion increases baseline O2, it does not 
create a further increase during exercise (Gaesser et al., 1994).  It is, therefore, likely that 
the association between these two exercise-induced perturbations (and, in all likelihood, 
many of the others that were advanced) and the O2 slow component is coincidental, not 
causal.  Moreover, after Poole et al. (1991) determined that the vast majority of the slow 
component could be ascribed to processes occurring within the exercising musculature, the 
list of candidate mechanisms was decreased even further.  The identification of a [PCr] 
slow component within active muscles during heavy exercise (Rossiter et al., 2001; 
Rossiter et al., 2002a; Jones et al., 2008) had similar implications.  In addition, this latter 
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finding suggests that the slow component represents an increased high-energy phosphate 
cost of tension development as opposed to an increased O2 cost of phosphorylation.  
 
Given all of these findings and considering the potential impact that muscle fibre type and 
motor unit recruitment have on O2 kinetics, it is not surprising that specific aspects of this 
relationship have been implicated in the aetiology of the O2 slow component.  In theory, 
one can envisage a number of scenarios whereby unique fibre-specific characteristics and 
corresponding activation patterns could underlie this phenomenon.  Some (numbered 
arbitrarily) are outlined below: 
• Theory 1: The pool of initially-recruited fibres is incapable of sustaining high-
intensity work; therefore, delayed-onset recruitment of higher-order fibres is 
required to replace fatiguing ones as exercise proceeds (Whipp, 1994; Gaesser and 
Poole, 1996; Jones et al., 2005).  This one-for-one trade would result in a 
progressive increase in O2 if the newly activated fibres were less energetically 
efficient. 
• Theory 2: The loss of fatigue-susceptible high-order members of the initially-
recruited pool mandates a compensatory increase of rate coding in previously active 
low-order fibres (Pringle et al., 2003b; Jones et al., 2005). This exchange would 
result in a progressive increase in O2 if type I fibres are less efficient under these 
particular circumstances (e.g., when power requirements are high). 
• Theory 3: The pool of initially-recruited fibres is incapable of sustaining high-
intensity work; therefore, delayed-onset fibre activation (either increased 
recruitment of new fibres or increased rate coding in previously active ones) of 
either low- or high-order fibres is required to replace fatiguing fibres as exercise 
proceeds.  Even if this adjusted ‘strategy’ is no less energetically efficient, this 
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exchange could result in a progressive increase in O2 if the fibres that were no 
longer contributing to power production were still consuming O2 to restore ionic 
homeostasis (i.e., recovery processes) (Jones et al., 2005; Poole and Jones, 2005). 
• Theory 4: The pool of initially-recruited fibres is capable of sustaining the work 
rate; however, some of the fibres can only do so in conjunction with a loss of 
contractile efficiency (e.g., more ATP hydrolysis per contractile tension developed) 
(Woledge, 1998; Zoladz et al., 2008).  Consequently, O2 will rise with time.   
• Theory 5: A sufficiently advanced drive through the motor unit recruitment 
hierarchy occurs at exercise onset such that fibres comprising an extremely wide 
range of τ and G values are activated.  The fastest responding fibres (e.g., the low-
order ones that would be exclusively featured during a transition within the lower 
region of the moderate domain) combine with some of higher order with slightly 
longer τ values to ‘redefine’ a slower phase II ‘exponential’ response that actually 
melds numerous exponentials (Whipp and Rossiter, 2005; Whipp et al., 2005).  The 
response profiles of initially recruited high-order fibres with even slower O2 
kinetics protract past this heterogeneous phase II, thereby establishing an entirely 
‘different’ response phase (Brittain et al., 2001; Wilkerson and Jones, 2006).  This 
would also explain the reduced phase II G during exercise where less efficient 
fibres should be featured: In essence, part of the slow component G would have to 
be added to the phase II G in order to reveal the true phase II oxidative cost of all of 
the fibres required under these circumstances. 
 
While any of these theories individually or collectively, or numerous others could explain 
an increased oxidative cost of constant-load work that is attributable to specific fibre-type 
response characteristics, this list does reveal an important point.  Conceptually, theories 
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that attribute the O2 slow component to fibre-type/recruitment-related factors can be 
differentiated based on whether they do (e.g., theories 1, 2 and 3) or do not (e.g., theories 4 
and 5) depend upon delayed-onset fibre activation.  Investigations that have addressed this 
question can, therefore, provide considerable insight.  
 
Delayed-onset motor unit activation and the O2 slow component 
Evidence that supports progressive activation of fibres during high-intensity exercise comes 
from the insightful work of Krustrup et al. (2004b) that was mentioned previously.  In 
addition to glycogen content, these researchers also measured [PCr] from the biopsies they 
extracted and found profiles that indicated the additional activation of both principal fibre 
types with a proportional shift toward type II fibres from minute three to six in association 
with the O2 slow component during cycling at 80% O2max (Krustrup et al., 2004b).  
Furthermore, it has been reported that plasma ammonia was unchanged during the first 
three minutes of cycling at 50%∆, but increased thereafter (Sabapathy et al., 2005).  Plasma 
ammonia is elevated consequent to myokinase-related adenosine monohydrate deamination 
in active muscle which should, theoretically, be greater when type II fibres are involved.  
Sabapathy et al. (2005) also found that this rise from minute three was correlated with the 
amplitude of the O2 slow component, which emerged at ~132 s.   
 
Contrary to these findings, a recent study by Zoladz et al. (2008) indicated that slow 
component behaviour can occur without progressive fibre recruitment.  These researchers 
electrically induced submaximal contractions (~60-70% O2peak) in an isolated in-situ dog 
gastrocnemius preparation and found a fatigue-related decline in force production during 
the four-minute contraction period that was associated with a constant (or, in one case, 
increasing) O2 (Zoladz et al., 2008).  Therefore, when O2 was normalised per unit force 
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developed, a reduction of oxidative efficiency was present in all cases.  This slow 
component-like phenomenon accounted for ~20-25% of the total oxidative response and, 
importantly, occurred even though the model mandates maximal activation of all involved 
fibres from contraction onset.   
 
With respect to delayed-onset fibre activation and the O2 slow component, the findings of 
Zoladz et al. (2008) contradict those of Krustrup et al. (2004b) and Sabapathy et al.  
(2005).  Unfortunately, findings from investigations that involved assessment of fibre 
activation by electromyography (integrated electromyogram or root mean square and/or 
mean or median power frequency) and/or magnetic resonance imaging (T2; i.e., the 
relaxation time of muscle protons, which is believed to indicate muscle use) during 
constant-load exercise are equally inconclusive.  A summary of these is provided in Tables 
2.3 and 2.4. 
 
Clearly, it is impossible to draw a unanimous conclusion from the 22 investigations 
summarised in Tables 2.3 and 2.4 with regard to either a general tendency for delayed-
onset fibre activation as high-intensity exercise proceeds or, specifically, an increased 
contribution from high-order fibres in association with the O2 slow component.  For 
example, of the 16 that included measurement of mean/median power frequency (MPF) 
within a paradigm where a O2 slow component was observed or inferred, five reported a 
progressive increase during high-intensity exercise (in two cases correlated with slow 
component amplitude, in two cases uncorrelated; no correlation results were provided for 
the other study) and 11 found no change.  Furthermore, one observed an increase during 
moderate exercise even though no slow component was present.  It has been suggested that  
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power spectral analysis is useful for inferring specific fibre-type recruitment because 
power frequency depends upon the conduction velocity of action potentials as they 
traverse interrogated sarcolemma (Kupa et al., 1995).  Fast-twitch motor units contain 
larger fibres that propagate faster; therefore, the degree of their involvement should be 
reflected in higher power frequency content.  This is supported by muscle biopsies that 
revealed the proportional involvement of type II muscle fibres was greater in association 
with an increase in MPF (Gerdle et al., 1991).  However, there are other factors that can 
influence action potential propagation and, therefore, MPF during exercise; for example, 
conduction velocity can increase with temperature (Petrofsky et al., 1980) and decrease 
with fatigue/metabolite accumulation (Bouissou et al., 1989; Ament et al., 1993) and in 
conjunction with the attainment of greater synchronicity in previously-active slow-twitch 
motor units (Kranz et al., 1983).  Furthermore, MPF can be influenced by changes in firing 
frequency in already-active fibres (Jones et al., 2005).  Therefore, consequent to these 
limitations, the fact that only a small number of studies revealed power spectral data to 
support the role of delayed-onset activation of high-order fibres in the aetiology of the O2 
slow component must be interpreted with caution (Jones et al., 2005).     
 
Compared to power spectral analysis of the electromyogram, a more compelling yet far 
from unequivocal determination can be drawn from the investigations that assessed global 
EMG characteristics to provide a gross estimate of muscle activation (recruitment or rate 
coding) during exercise.  Of the 17 that included measurement of iEMG or root mean 
square within a paradigm where a O2 slow component was observed or inferred, nine 
showed that muscle activation increases as high-intensity exercise proceeds (in one case 
correlated with slow component amplitude, in two cases, associated by maintenance of 
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ratio constancy, in one case uncorrelated; no correlation stated in the other five studies).  
Furthermore, in five of these 17 studies, priming was included in the methodology and 
results from three of the four that found a priming-induced slow component reduction also 
show an altered iEMG.  In addition, no increase of iEMG was observed for moderate 
exercise in the five investigations that included this assessment and it is also interesting to 
note that the studies that revealed no progressive increase during ‘high-intensity’ exercise 
tended to investigate supra-GET exercise of lower intensity.  For example, of the eight 
studies showing that the null hypothesis for increased muscle activation could not be 
rejected, two exclusively considered exercise that would be categorised as heavy 
(confirmed by CP testing in one case) and three others involved exercise at 50%∆ (on 
average, the delineation point between the heavy and severe domains; Poole et al., 1988).  
Accordingly, Garland et al. (2006) warn that it is essential to precisely control for exercise 
intensity when considering the effect of fibre-type recruitment on the  O2 slow component 
because the effects might be different depending on the eventual consequence of its 
progression (whether the maximum O2 will be attained; i.e., if exercise is above CP).  
This has resonance with a hypothesis forwarded by Wilkerson and Jones (2006), who 
suggest two distinctly different mechanistic bases to explain slow component behaviour 
depending on whether or not O2 will eventually stabilise (i.e., whether supra-GET 
exercise is heavy or severe).  In their schema, heavy exercise can be sustained without 
delayed-onset fibre activation; however, compared to moderate exercise, greater 
heterogeneity within the initially recruited pool creates a slow component (see Theory 5 
above).  Conversely, above CP, a similar response is no longer sufficient and some form of 
additional activation must occur (e.g., Theories 1, 2 and/or 3) to maintain power output.  
This causes O2 to rise inexorably until the maximal attainable value is achieved and 
exercise cessation is imminent.  This hypothetical model is depicted in Figure 2.11. 
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Figure 2.11:  A hypothetical model depicting the possible influence of the recruitment of 
muscle fibres with different metabolic response profiles on the O2 response 
to moderate (panel A), heavy (Panel B) and severe (Panel C) exercise.  The 
solid lines represent the O2 responses of muscle fibres with relatively fast 
kinetics and high efficiency and the dashed lines represent the O2 
responses of muscle fibres with relatively slow kinetics and low efficiency.  
The solid bold line within each panel represents the hypothetical mean O2 
response of all recruited fibres.  See text for further details.  Reprinted from 
Wilkerson and Jones (2006).  
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Oxidative system nonlinearity or linear diversity? 
If nonlinear aspects of the O2 response can be attributed to heterogeneity within the 
recruited population of muscle fibres, the issue of oxidative system linearity must be 
reconsidered.  For example, if each fibre that contributes to tension development were to be 
considered a unique system unto itself, Boltzmann’s principle of superposition might very 
well be in effect; that is, the same critical rate modulator (e.g., the creatine kinase reaction) 
might exert control and, as long as the requirement for power production was sufficient to 
invoke its activation, the fibre might respond with the same inertia (τ) and efficiency (G) 
regardless of the function that forced the response.  Departures from linearity indicated by 
the pulmonary signal would, therefore, simply represent this ‘diversity of linear control.’  
Alternatively, fibres that reside higher in the recruitment hierarchy might have a different 
locus of control.  For example, the tipping point that has been proposed for entire 
organisms (see Figure 2.6) might be better applied to individual muscle fibres because 
under normal conditions, some high-order fibres might operate to its left (i.e., within the 
O2-dependent zone).  This would explain why microvascular O2 pressure falls farther (and 
below the steady state level) and more precipitously in these fibres (Behnke et al., 2003; 
McDonough et al., 2005) and confirm that the pulmonary signal provides a true 
representation of nonlinear behaviour because a different locus of control would be 
incorporated whenever these fibres were recruited.  Interestingly, this could also change 
interpretation of the prior-exercise effect.  If the slow component represents a separate 
response phase ‘created’ by the protracted O2 responses of initially recruited fibres (i.e., 
Theory 5 above) and these fibres are sluggish because they are operating to the left of the 
tipping point (i.e., within the O2-dependent zone), a slow-to-primary amplitude shift and 
unchanged phase II τ might actually support the O2-delivery limitation (albeit exclusively 
in these fibres) that it has typically been cited to refute. 
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Summary 
During the 200-plus years since the discovery of O2 and its role in biological oxidation, 
many scientists have contributed to our understanding of oxidative system linearity and its 
implication with regard to metabolic control.  It is now apparent that the pulmonary O2 
signal reveals numerous deviations from dynamic system linearity in oxidative function 
(for review, see DiMenna and Jones, 2009) and it is likely that muscle fibre type and motor 
unit recruitment are important factors to consider when defining these characteristics.   
 
Aims 
The general aim of this thesis is to characterise the O2 on-response to work-to-work 
exercise and to investigate how that response might be influenced by altered tissue 
oxygenation and muscle contraction frequency.  The specific purposes of this thesis are: 
1.) To determine the influence of high-intensity priming exercise on the subsequent 
work-to-work O2 response. 
2.) To determine the influence of high-intensity priming exercise on the subsequent 
work-to-work [PCr] response. 
3.) To determine the influence of a supine body posture on the work-to-work O2 
response.   
4.) To determine the influence of extremely slow and fast pedal cadences on the work-
to-work O2 response. 
5.) To determine the influence of high-intensity priming exercise at extreme cadences 
on the subsequent O2 response to high-intensity exercise at extreme cadences. 
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Hypotheses 
This thesis will address the following hypotheses: 
1.) That τp would be longer when high-intensity cycle exercise was initiated from a 
moderate-intensity (M→H) compared with unloaded (U→H) baseline.  
2.) That the performance of prior high-intensity exercise would significantly reduce τp, 
the amplitude of the O2 slow component and the change in iEMG between two and 
six minutes of exercise (∆iEMG (6-2)) during subsequent M→H cycle exercise. 
3.) That the performance of prior high-intensity exercise would not influence [PCr] or 
O2 kinetics during subsequent rest-to-moderate knee-extension exercise (R→M), 
but would reduce the fundamental phase [PCr] τ and O2 τp during subsequent 
M→H knee-extension exercise. 
4.) That τp would be similar in the supine and upright positions during unloaded to 
moderate-intensity cycle exercise (U→M), but significantly longer in the supine 
position during M→H cycle exercise. 
5.) That τp would be reduced to a value similar to τp in the upright control condition 
during supine cycle exercise after the performance of prior high-intensity exercise. 
6.)  That τp would be similar for U→M and U→H during cycle exercise at 35 rev·min-1 
and similar for U→H and M→H during cycle exercise at 115 rev·min-1. 
7.) That the characteristic priming effect (reduced O2 slow component and increased 
fundamental component amplitude with unchanged τp) would be observed during 
U→H cycle exercise at 35 rev·min-1 regardless of the cadence employed during a 
prior high-intensity bout and also during U→H cycle exercise at 115 rev·min-1 
when prior high-intensity cycle exercise was performed at 35 rev·min-1. 
8.) That the performance of prior high-intensity cycle exercise at 115 rev·min-1 would 
significantly reduce τp during subsequent U→H cycle exercise at 115 rev·min-1.
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Chapter 3: General Methods 
 
General Experimental Procedures 
The five investigations that comprise the experimental chapters of this thesis required the 
administration of 297 exercise tests that were conducted at either the exercise physiology 
laboratory at the University of Exeter School of Sport and Health Sciences or the magnetic 
resonance spectroscopy laboratory at the Peninsula Medical School.  Both of these 
laboratories were air conditioned such that all testing took place at 18-22°C.  In all cases, 
experimental procedures were approved by the University Ethics Committee prior to the 
initiation of testing.  
 
Subjects 
All subjects taking part in the investigations in this thesis volunteered to participate.  
Subjects were non-smokers that were free from disease and recreationally active at various 
levels, including regular structured exercise and/or competitive sport, although none were 
elite-level athletes.  Subjects were instructed to report to the laboratory in a rested state, 
having completed no strenuous exercise within the previous 24 hours and having abstained 
from food, alcohol and caffeine for the preceding three hours.  Testing was conducted at 
the same time of day (±2 hours) for each subject and subjects were familiarised with the 
mode(s) of exercise and experimental procedures prior to the initiation of testing. 
 
Informed Consent 
Prior to agreeing to participate in a study, subjects were provided with a verbal explanation 
of the experimental procedures and an information sheet that outlined the requirements 
associated with their participation and the potential risks and benefits.  Subjects were 
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assured that even though group results would be available for public inspection and 
individual response profiles might be presented to depict a representative response, their 
anonymity would be strictly preserved and all data would be securely stored such that only 
researchers involved in these studies could gain access.  Subjects also understood that they 
were free to withdraw from the project at any time without disadvantage.  After this 
thorough explanation, any questions that subjects had were answered to their satisfaction 
and they subsequently gave written informed consent that confirmed their willingness to 
participate.  
 
Health and safety 
Health and safety guidelines established by the School were recognised during all tests and 
great care was taken to ensure that the laboratory provided a clean and safe environment 
that was appropriate for exercise testing of human subjects.  Ergometers, trolleys and work 
surfaces were cleaned using dilute Virkon disinfectant and all respiratory apparatus was 
similarly disinfected according to manufacturers’ recommendations.   Experimenters wore 
disposable latex gloves during blood sampling and all sharps and biohazard materials were 
disposed of appropriately.  A proper ‘cool-down’ was provided upon completion of the 
requisite exercise challenge and subjects were allowed and encouraged to drink water ad 
librium prior to and upon completion of testing. 
 
Measurement Procedures 
Descriptive data 
For all investigations, each subject’s stature and mass were measured and these parameters 
along with age were recorded prior to the initiation of testing.  For investigations that 
required cycle ergometer exercise, peak power output, O2peak and GET were determined
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for the specific cadence(s) and body position(s) that would be investigated during the study.  
These measurements were made during preliminary exercise testing (see below).   
 
Pulmonary gas exchange 
During all exercise tests except for those that involved interrogation by magnetic resonance 
spectroscopy, pulmonary gas exchange and ventilation were measured.  For the tests in 
Chapters 4, 7 and 8, this analysis was performed using a portable system comprised of a 
bidirectional digital transducer that measured inspired and expired airflow and electro-
chemical cell (O2) and ND infrared (CO2) analysers that measured expired gas 
concentrations (MetaMax 3B, Cortex Biophysik, Leipzig, Germany).  For the tests in 
Chapters 5 and 6, this analysis was performed using a metabolic cart system comprised of a 
bidirectional “TripleV” digital transducer and differential paramagnetic (O2) and infrared 
absorption (CO2) analysers (Jaeger Oxycon Pro, Hoechberg, Germany).  In all cases, the 
gas analysers were calibrated before each test with gases of known concentration and the 
volume sensor was calibrated using a 3-liter syringe (Hans Rudolph, Kansas City, MO).  
Subjects wore a nose clip and breathed through a low-dead-space, low-resistance 
mouthpiece that was connected securely to the transducer.  Gas was sampled continuously 
via a capillary line and O2, cO2 and E were displayed breath-by-breath on-line once the 
delay between the volume and concentration signals was accounted for.  After each test, 
raw breath-by-breath gas exchange data was exported and analysed at a later date. 
 
Electromyography 
For Chapters 4, 5, 6 and 7, the surface EMG of the m. vastus lateralis of the left leg 
(Chapters 4, 5 and 6) or the summed surface EMG of the m. vastus lateralis and m. gluteus 
maximus of the left leg (Chapter 7) was measured to assess neuromuscular activity and 
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infer muscle activation during exercise.  For these measurements, the leg was initially 
shaved and cleaned with alcohol around the belly of the muscle and graphite snap 
electrodes (Unilect 40713, Unomedical, Stonehouse, Great Britain) were adhered to the 
prepared area in a bipolar arrangement (interelectrode distance, 40 mm) with ground 
electrodes positioned on nearby tissue.  Elastic bandages were used to secure electrodes 
and wires in place and pen marks were made around electrodes to enable placement 
reproduction on subsequent tests.  The EMG signal was recorded at 1000 Hz using a 
ME3000PB Muscle Tester (Mega Electronics Ltd, Finland), the bipolar signal was 
amplified (amplifier input impedance > 1 M Ω) and data were collected online in raw form 
and stored on a computer using MegaWin software (Mega Electronics Ltd, Finland).   
 
Heart Rate 
During all exercise tests except for those that involved interrogation by magnetic resonance 
spectroscopy, HR was measured using short-range telemetry (Polar S610, Polar Electro Oy, 
Kempele, Finland).  For the tests in Chapters 4, 7 and 8, HR was recorded during the 
duration of each breath via the portable gas exchange analysis system that was used 
(MetaMax 3B, Cortex Biophysik, Leipzig, Germany).  For the tests in Chapters 5 and 6, 5-s 
average values were recorded via heart rate monitor (Polar Electro Oy, Kempele, Finland). 
After all tests, raw HR data was exported and analysed at a later date. 
 
31Phosphorous magnetic resonance spectroscopy 
For Chapter 5, intramuscular metabolic responses to exercise were measured by 31P-MRS.  
For this testing, subjects were positioned prone inside the bore of a 1.5-T superconducting 
MR scanner with a 6-cm 31P transmit/receive surface coil centered over their right 
quadriceps muscle.  Cod liver oil capsules that yield high-intensity signal points within the 
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image were placed adjacent to the coil and fast field echo images were acquired to ensure 
that the muscle was positioned correctly.  After a number of pre-acquisition steps were 
undertaken to optimise the signal from the muscle, data acquisition began prior to exercise 
to establish baseline values.  Data were acquired every 1.5 seconds, with a spectral width of 
1500 Hz and 1000 data points.  Phase cycling with four phase cycles was employed, which 
lead to a spectrum being acquired every 6 seconds prior to and during exercise.  These 
spectra were analysed via peak fitting at a later date.  
     
Near-infrared spectroscopy 
For Chapters 6 and 8, a commercially-available NIRS system (model NIRO 300, 
Hamamatsu Photonics KK, Hiugashi-ku, Japan) was used to assess the oxygenation status 
of the m. vastus lateralis of the right leg.  NIRS provides a means by which changes in 
oxygenated and deoxygenated [Hb+Mb] can be assessed non-invasively based upon 
changes in near-infrared light absorption by the tissue.  The system consists of an emission 
probe that irradiates laser beams and a detection probe positioned several centimeters from 
the emission probe in an optically-dense rubber holder.  Four different wavelength laser 
diodes provide the light source (776, 826, 845 and 905 nm) and the light returning from the 
tissue is detected by a photomultiplier tube in the spectrometer.  For these measurements, 
the leg was initially shaved and cleaned with alcohol around the belly of the muscle and 
the probes were placed in the holder, which was secured to the skin with adhesive.  Elastic 
bandages were used to secure the holder and wires in place and pen marks were made 
around the holder to enable placement reproduction on subsequent tests.  Prior to 
beginning exercise, baseline values were established with the subject at rest with leg 
extended at downstroke in a seated position for upright cycling (Chapters 6 and 8) and in a 
supine position for supine cycling (Chapter 6).  All subsequent concentration changes of 
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oxygenated and deoxygenated [Hb+Mb] relative to this baseline were estimated via the 
intensity of incident and transmitted light (recorded continuously at 2 Hz throughout 
exercise) and these values were averaged into one-second bins.  After each test, raw NIRS 
data was exported and analysed at a later date. 
   
Blood lactate concentration  
During one repetition per condition for all constant-load testing, fingertip blood was 
sampled to determine whole blood [lactate].  Prior to drawing the initial sample for the 
exercise bout, the sampling site was cleaned thoroughly with alcohol and a disposable 
safety lancet (Safety-Lanzette, Sarstedt) was used to puncture the skin.  For all samples that 
were subsequently drawn from this incision, initial drops of blood were wiped away and 
approximately 20-25 µL of free-flowing arterialised blood was collected into a microvette 
(Microvette CB 300, Sarstedt) and analysed using an automated lactate analyser (YSI 1500, 
Yellow Springs Instruments, Yellow Springs, OH, United States).  The analyser was 
calibrated regularly by a laboratory technician in accordance with the manufacturer’s 
guidelines.  In all cases, blood was drawn in the ~20 seconds prior to either the subsequent 
increase in work rate or the cessation of exercise such that the measured values reflect end-
stage ones for the specific work rate being maintained.  Blood lactate accumulation (∆blood 
[lactate]) was defined as the difference between end blood [lactate] and blood [lactate] prior 
to the transition to the work rate (i.e., baseline blood [lactate]). 
 
Testing Procedures  
Preliminary exercise testing 
For investigations that assessed cycle ergometer exercise, preliminary testing involved the 
performance of ‘ramp’ incremental cycling test(s) to exhaustion while maintaining the 
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cadence(s) (80 rev·min-1 for tests conducted in Chapters 4 and 6; 35 and 115 rev·min-1 for 
tests conducted in Chapters 7 and 8) and body position(s) (upright for tests conducted in 
Chapters 4, 6, 7 and 8; supine for tests conducted in Chapter 6) that would be used on 
subsequent testing.  These incremental tests consisted of three minutes of pedalling at 0 W, 
followed by a continuous ramped increase in work rate of 30 W·min-1 until the subject was 
unable to continue.  The termination criterion was a drop of > 10 rev·min-1 below the 
prescribed cadence  An electronically-braked cycle ergometer (Lode Excalibur Sport, 
Groningen, The Netherlands) was used for this testing.  This device controls external power 
output independent of pedal cadence by instantaneously adjusting flywheel resistance via 
electrical braking.  The ergometer was calibrated regularly by a laboratory technician in 
accordance with the manufacturer’s guidelines and the same ergometer was used for all 
subsequent experimental testing of the subject.  Saddle and handlebar heights for upright 
cycling and body distance relative to crank shaft for supine cycling were recorded 
following the preliminary test(s) and the same settings were reproduced on all subsequent 
tests.  Pulmonary gas exchange and heart rate were measured throughout these incremental 
bouts.   
 
For the investigation that assessed knee-extension ergometer exercise, preliminary testing 
involved the performance of a ‘step’ incremental knee-extension exercise test to exhaustion 
while maintaining a cadence of 40 contractions·min-1.  This incremental test consisted of 
two-minute stages with load progressed according to subject perceived exertion such that 
six stages would be completed prior to exhaustion.  The termination criterion was the 
inability to maintain the prescribed cadence.  A custom-designed ergometer that provided a 
concentric-only resistive load for each leg was used for this testing.  This device allowed 
for the performance of rhythmic double-legged knee-extension exercise in a contralateral-
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alternating manner over a distance of ~0.22 m.  The same ergometer was used for all 
subsequent experimental testing of the subject.   
 
Determination of O2peak and gas exchange threshold    
For the preliminary incremental cycling tests conducted in Chapters 4, 6, 7 and 8, breath-
by-breath O2 data were averaged into 10-s bins and O2peak was defined as the highest 30-s 
rolling average value.  GET was estimated from the 10-s average gas exchange data using a 
cluster of measures including: 1) the first disproportionate increase in CO2 from visual 
inspection of individual plots of CO2 v. O2 (Beaver et al., 1986); 2) an increase in E/ O2 
with no increase in E/ CO2; 3) an increase in end-tidal O2 tension with no fall in end-tidal 
CO2 tension.  
 
Experimental exercise testing 
For all investigations, constant-load tests were used to assess O2 on-kinetics.  These tests 
involved an abrupt transition from a lower to higher work rate on the ergometer used for 
the study (cycle or knee extension; see above).  For Chapters 4, 6, 7 and 8, constant-load 
tests were performed at work rates calculated according to the GET and peak work rates 
determined from the preliminary incremental test(s).  (Note: Assignment of a work rate 
from pulmonary gas exchange data requires correction for the O2 mean response time, 
which was assumed to approximate two-thirds of the ramp rate during incremental exercise 
(Whipp et al., 1981).  Therefore, GET and peak work rates used to calculate exercise 
intensity in Chapters 4, 6, 7 and 8 reflect work rates that are 20 W less than the work rates 
that were time aligned with the GET and peak O2 during the preliminary incremental test.)  
For Chapter 5, constant-load tests were performed at work rates calculated according to the 
average iEMG measured during the stages of the preliminary incremental test. 
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Calculation of work rates for constant-load tests 
For Chapters 4, 6 and 7, moderate-intensity work rates were calculated as a percentage of 
the work rate at GET (90% for the testing in Chapter 4; 95% for the testing in Chapters 6 
and 7).  For Chapters 4, 6, 7 and 8, high-intensity work rates were calculated as a 
percentage of ‘delta’ (∆) (70% for the testing in Chapters 4 and 6; 60% for the testing in 
Chapters 7 and 8).  (Note: ∆ denotes the difference between the work rate at GET and the 
work rate at O2peak; therefore, a work rate designated at a %∆ reflects the sum of the work 
rate at GET and a specific increment above that work rate as indicated by the percentage.) 
 
For Chapter 5, iEMG for each stage of the preliminary incremental test was defined as the 
average from 15-75 s of the two-minute stage, and this value was normalised to the iEMG 
MVC, which was recorded prior to the bout.  Results from pilot testing indicated that loads 
requiring ~15 and ~30% of the iEMG MVC would be appropriate for moderate- and high-
intensity knee-extension exercise, respectively; therefore, loads for the constant-load tests 
were prescribed accordingly. 
 
Gas exchange data analysis procedures 
Enhancing signal-to-noise ratio 
Breath-by-breath O2 data displays considerable inherent variability (i.e., ‘noise’) and, 
furthermore, outliers (errant breaths caused by coughing, swallowing, premature ending of 
a breath, etc.) are often present (e.g., see Figure 3.1; panel A).  Consequently, prior to 
analysis, raw data from each test were examined to exclude data that were thought to 
inappropriately reflect the underlying physiology.  During this process, great care was 
taken to only remove definitive outliers; for example, data points lying more than four 
standard deviations from the five-breath local rolling average (see Figure 3.1; panel B).
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Figure 3.1: Breath-to-breath variability and occasional outliers make it challenging to 
attain adequate confidence in parameter estimates derived by mathematical 
modelling of the O2 response.  Panel A depicts breath-by-breath O2 data 
collected during a single work-to-work transition for a representative subject 
(subject 2, work-to-work upright condition; Chapter 6).  Vertical dashed lines 
indicate the abrupt transitions to the higher work rates (from left to right, 
moderate- and high-intensity, respectively).   Superimposed lines over the data 
(for the high-intensity transition, solid prior to TDs, dashed after TDs) 
illustrate the phase II modelled fits. Conservative editing of definitive outliers 
(indicated by arrows in Panel B) improves the fit (Panel C); however, 
adequate confidence (e.g., 95% confidence intervals for p estimation that are 
within ~10% of the estimated value of the parameter) are not attained until 
similarly edited data from three like-transitions are time aligned and ensemble 
averaged (Panel D; see Table 3.1). 
 
Once this editing was complete, data were linearly interpolated using a dedicated algorithm 
to provide second-by-second values.  This is necessary because signal-to-noise ratio can 
also be enhanced by averaging repeat transitions of identical trials (Lamarra et al., 1987; 
e.g., see Figure 3.1, Panel D), but ensemble averaging in this manner necessitates the same 
series of data points for each set of data.   
 
It has also been shown that breath-to-breath variability in the O2 signal is largely 
independent of work rate (e.g., ± 200 ml·min-1) (Lamarra et al., 1987); therefore, a larger
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Table 3.1: Parameter estimates and 95% confidence intervals (CI; CI = SE · tdis where SE is 
the standard error of the parameter estimates determined via exponential curve 
fitting and tdis is derived from the t-distribution using 2.5% per tail) for the 
modelled responses depicted in Figure 3.1 (Panel A, one unedited transition; 
Panel C, one edited transition; Panel D, three edited averaged transitions). 
 
 
 p Ap TDs 
       
 Estimate 
(s) 
95% CI 
(s) 
Estimate 
(L·min-1) 
95% CI 
(L·min-1) 
Estimate 
(s) 
95% CI 
(s) 
       
Moderate:        
1 unedited  17.4 4.3 1.043 .027 19.8 2.9 
1 edited  16.7 2.7 1.030 .017 20.1 1.8 
3 edited avg.  16.3 1.8 1.034 .010 17.6 1.4 
       
High-intensity:       
1 unedited  22.5 4.0 2.090 .058 11.0 2.9 
1 edited  23.6 3.9 2.128 .058 10.7 2.8 
3 edited avg.  26.3 2.5 2.255 .041 11.0 1.6 
       
 
response amplitude reduces the degree to which this inherent noise negatively impacts 
confidence in the parameter estimates.  The testing regimen in Chapter 8 exclusively 
comprises full high-intensity transitions that force large response amplitudes and, therefore, 
two repeat trials were performed per condition for this testing.  Conversely, the testing 
regimens in Chapters 4, 6 and 7 required work-to-work transitions that necessarily 
engender lesser response amplitudes; therefore, three repeat transitions were performed per 
condition for this testing.  Work-to-work exercise was also investigated in Chapter 5 and 
the mode of exercise that was employed (concentric-only contralateral knee-extension 
exercise) requires less total muscle activation compared to cycle ergometer exercise; 
therefore, response amplitudes were exceedingly low under these circumstances (e.g., ~400 
ml·min-1).  However, due to an inability to collect gas exchange data during the repetition 
that was performed under MRS interrogation, only two repeat trials could be averaged prior 
to modelling the O2 data collected in this study.  To alleviate concerns regarding 
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insufficient confidence in parameter estimates under these circumstances, each averaged    
O2 response was also smoothed with a five-point rolling-average filter prior to analysis. 
 
Mathematical modelling of O2 data 
In the five studies comprising the experimental chapters of this thesis, O2 on-kinetics was 
defined via parameters derived from exponential curve fitting.  Once editing, linear 
interpolation and averaging of the breath-by-breath data was complete and adequate signal-
to-noise ratio was attained, the second-by-second files were imported into a purpose-
written modelling program that described the O2 response using a nonlinear least-square 
regression algorithm.  This program employs an iterative process that minimises the sum of 
the squared error between the fitted function and the observed data.  Prior to this curve 
fitting, the first 20 s of data after the onset of exercise (Chapters 4, 6, 7, 8) or all data prior 
to the inflection point that signals the phase I/phase II interface (Whipp et al., 1982) 
(Chapter 5) were deleted to ensure that the cardiodynamic phase of the O2 response did not 
contaminate the phase II fit.  For moderate-intensity exercise (Chapters 5, 6 and 7), a 
single-exponential model was used to characterise the O2 response. For high-intensity 
exercise (all experimental chapters), both a single- and bi-exponential model were used and 
the better fitting model was determined by comparing residual sum of squared error values 
associated with the fit.  In all cases, the bi-exponential model provided a better 
representation of the O2 response to high-intensity exercise.  The single- (equation 1) and 
bi- (equation 2) exponential models are described in the following equations: 
 
O2(t) = O2 baseline + Ap(1-e-(t-TDp)/
τp)      (Eqn. 1)  
O2(t) = O2 baseline + Ap(1-e-(t-TDp)/
τp) + As(1-e-(t-TDs)/
 τs)   (Eqn. 2) 
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where O2 (t) represents the absolute O2 at any given time t; O2baseline represents the mean 
O2
 in the baseline (i.e., pre-transition) period; Ap, TDp, and τp represent the amplitude, time 
delay, and time constant, respectively, describing the phase II increase in O2 above 
baseline; and As, TDs, and τs represent the amplitude of, time delay before the onset of, and 
time constant describing the development of, the O2 slow component, respectively.  
However, because the asymptotic value of the exponential term describing the O2 slow 
component may represent a higher value than is actually reached at the end of the exercise, 
the actual amplitude of the slow component at the end of exercise was defined as As'.  The 
functional gains of the fundamental and overall O2 response were computed by dividing 
response-phase amplitudes by the increase in work rate that forced the response and the 
amplitude of the slow component was also described relative to the entire O2 response and, 
in some studies, by calculating the difference between O2 at minute 2 and end-exercise 
(i.e., ∆ O2(6-2)).  Furthermore, the O2 MRT was determined in some studies by fitting a 
single exponential without time delay to all data from t = 0.  This parameter provides 
information on the ‘overall’ O2 kinetics with no distinction made for various phases of the 
response and can be useful for ‘estimating’ the O2 deficit during exercise (e.g., see Chapter 
4).  Finally, in Chapter 5, the initial rate of change of O2 (d O2/dt) was calculated as Ap/τp.   
 
Other data analysis procedures 
Filtering and averaging of electromyographic data  
In Chapters 4, 5, 6 and 7, the raw EMG data were filtered with a 20 Hz high-pass second-
order Butterworth filter to remove contamination from movement artefacts.  The signal was 
then rectified and low-pass filtered at a frequency of 50 Hz to produce a linear envelope.  
The iEMG values so derived were averaged for either 15-s (Chapters 4, 6 and 7) or 60-s 
(Chapter 5) intervals throughout exercise and these values were normalised to either the 
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average measured during the unloaded cycling phase prior to the initial increase in work 
rate (Chapters 4, 6 and 7) or an MVC performed prior to the bout (Chapter 5).  These 
normalised average iEMG values were then time aligned and ensemble averaged across 
repeat trials of identical exercise bouts and from these averaged files, iEMG at discrete 
time points (e.g., minute 2 or minute 6) and the change in iEMG between time points (e.g., 
∆iEMG6-2) was determined.  
 
Mathematical modelling of heart rate data 
To provide indirect information on cardiac output dynamics, the HR response to exercise 
was modelled in Chapters 4 and 8.  For this analysis, HR data collected during the duration 
of each breath were linearly interpolated to provide second-by-second values such that data 
from identical repeat bouts could be time-aligned to the start of exercise and ensemble 
averaged.  A single-exponential model similar to the one used to fit the O2 data (see 
equation 1 above) was also employed to characterise the HR response; however, this model 
commenced at exercise onset (i.e., TD was fixed at t = 0).  Furthermore, to avoid 
contamination by any HR ‘slow component’ (i.e., a HR response accompanying the O2 
slow component), the fitting window for high-intensity exercise was constrained at the time 
delay before the onset of the O2 slow component (see above).  In Chapter 8, the HR slow 
component was determined by calculating the HR increase above this fundamental HR 
response amplitude at end exercise.      
 
Peak fitting of 31phosphorous magnetic resonance spectra  
In Chapter 5, the spectra acquired via 31P-MRS were quantified by peak fitting, with 
assumption of prior knowledge, using jMRUI (version 2) software and the AMARES 
fitting algorithm.  Spectra were fitted according to the assumption that Pi, PCr, α-ATP (two 
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peaks, amplitude ratio 1:1), γ-ATP (two peaks, amplitude ratio 1:1), β-ATP (three peaks, 
amplitude ratio 1:2:1) and phosphodiester peaks were present.  In all cases, relative 
amplitudes were corrected for partial saturation due to the repetition time relative to T1 via 
an unsaturated spectra acquired prior to exercise.  Intracellular pH was calculated using the 
chemical shift of the Pi spectral peak relative to the PCr peak (Taylor et al., 1983).  
 
Mathematical modelling of phosphocreatine concentration data 
In Chapter 5, [PCr] data (expressed as a percent change relative to the initial resting 
baseline, which was assumed to represent 100%) was modelled similar to HR as described 
above.  However, in this case, only one set of data was collected and for high-intensity 
exercise, the fitting window was constrained to the time point at which a departure from 
fundamental mono-exponentiality occurred (as judged from visual inspection of a plot of 
the residuals of the fit).  The initial rate of change of [PCr] was determined in the same 
manner as O2 (see above) and the [PCr] slow component was calculated as the difference 
between end-exercise [PCr] (i.e., the average over the final 30 s of exercise) and the value 
indicated by equation 1 at t = 360.  The [PCr] slow component was also described relative 
to the entire [PCr] response and as ∆[PCr](6-2). 
   
Mathematical modelling of deoxyhaemoglobin concentration data 
In Chapters 6 and 8, [HHb] data were modelled similar to O2 as described above.  
Specifically, the single- and bi-exponential models (Equations 1 and 2) were used to fit the 
[HHb] data for moderate- and high intensity exercise, respectively.  However, in this case, 
the fitting window commenced at either t = 0 (Chapter 8) or from the first datum that was 
one standard deviation above the baseline mean after initiation of the transition (Chapter 6).  
Information regarding dynamics specific to the fundamental phase of the [HHb] response 
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was derived from the sum of the fundamental τ and TD ([HHb] τ + TD) in Chapter 6 and 
from an MRT determined by a single exponential curve without time delay that was fit to 
the fundamental region of the response in Chapter 8.  The ratio of [HHb] amplitude to O2 
amplitude (∆[HHb]/∆ O2) was used as an index of O2 extraction during various phases of 
the response and the [HHb] slow component was defined relative to the overall [HHb] 
amplitude.  Finally, in Chapter 6, a single exponential curve without time delay was fit to 
the high-intensity [HHb] data from exercise onset to end to derive an MRT that provided 
information on the overall [HHb] kinetics with no distinction for phases of the response.   
 
Analysis of oxyhaemoglobin concentration data 
Prior research indicates that [HbO2] responses do not approximate an exponential (DeLorey 
et al., 2007).  Consequently, NIRS-derived [HbO2] data collected during the tests 
performed in Chapters 6 and 8 were not modelled.  However, baseline and end-exercise 
[HbO2] were determined (Chapter 8) and the sum of [HbO2] and [HHb] at baseline and at 
60-second intervals throughout exercise was used to provide an estimate of changes in total 
haemoglobin ([HHbtot]) (Chapter 6). 
 
Statistical methods 
All statistical analyses within the experimental chapters of this thesis were conducted with 
either Microsoft Excel (paired t-tests and correlations) or the Statistical Package for Social 
Sciences (one-way repeated measures analysis of variance).  Specific information regarding 
the particular statistical tests that were employed for the different investigations is provided 
within each of the experimental chapters.  Before any statistical tests were carried out, the 
data were screened for normal distribution using standard procedures.  Statistical 
significance was accepted at P < 0.05.  All data are presented as means ± SD. 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                119         
during transitions to high-intensity exercise from an elevated baseline                                
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics               120        
during transitions to high-intensity exercise from an elevated baseline                                
 
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                121         
during transitions to high-intensity exercise from an elevated baseline                                
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                122        
during transitions to high-intensity exercise from an elevated baseline                                
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                123         
during transitions to high-intensity exercise from an elevated baseline                                
 
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                124        
during transitions to high-intensity exercise from an elevated baseline                                
 
 
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                125        
during transitions to high-intensity exercise from an elevated baseline                                
 
 
 
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                126        
during transitions to high-intensity exercise from an elevated baseline                                
 
 
 
Chapter 4: Influence of priming exercise on pulmonary O2 uptake kinetics                127        
during transitions to high-intensity exercise from an elevated baseline                                
 
 
 
 Chapter 5: Influence of priming exercise on muscle [PCr] and pulmonary       128
O2 uptake dynamics during “work-to-work” knee-extension exercise              
 
Influence of priming exercise on muscle [PCr] and pulmonary O2 uptake 
dynamics during “work-to-work” knee-extension exercise    
 
Fred J. DiMenna,1 Jonathan Fulford,2 Stephen J. Bailey,1 Anni Vanhatalo,1 Daryl P. 
Wilkerson,1 and Andrew M. Jones1 
1School of Sport and Health Sciences and 2Peninsula NIHR Clinical Research Facility, 
University of Exeter, Exeter, Devon, EX1 2LU, United Kingdom 
 
DiMenna FJ, Fulford J, Bailey SJ, Vanhatalo A, 
Wilkerson DP, Jones AM. Influence of priming exercise 
on muscle [PCr] and pulmonary O2 uptake dynamics 
during ‘work-to-work’ knee-extension exercise – 
Metabolic transitions from rest to high-intensity exercise 
were divided into two discrete steps (i.e., rest-to-
moderate-intensity (R→M) and moderate-to-high-
intensity (M→H)) to explore the effect of prior high-
intensity “priming” exercise on intramuscular [PCr] and 
pulmonary O2 kinetics for different sections of the 
motor unit pool. It was hypothesized that [PCr] and O2 
kinetics would be unaffected by priming during R→M 
exercise, but that the time constants (τ) describing the 
fundamental [PCr] response and the phase II O2 
response would be significantly reduced by priming for 
M→H exercise. On three separate occasions, six male 
subjects completed two identical R→M/M→H “work-to-
work” prone knee-extension exercise bouts separated by 5 
min rest. Two trials were performed with measurement of 
pulmonary O2 and the integrated electromyogram 
(iEMG) of the right m. vastus lateralis. The third trial was 
performed within the bore of a 1.5-T superconducting 
magnet for 31P-MRS assessment of muscle metabolic 
responses. Priming did not significantly affect the [PCr] 
or O2 τ during R→M ([PCr] τ Unprimed: 24 ± 16 vs. 
Primed: 22 ± 14 s; O2 τ Unprimed: 26 ± 8 vs. Primed: 
25 ± 9 s) or M→H transitions ([PCr] τ Unprimed: 30 ± 5 
vs. Primed: 32 ± 7 s; O2 τ Unprimed: 37 ± 5 vs. Primed: 
38 ± 9 s).  However, it did reduce the amplitudes of the 
[PCr] and O2 slow components by 50% and 46%, 
respectively, during M→H (P < 0.05 for both 
comparisons). These effects were accompanied by iEMG 
changes suggesting reduced muscle fiber activation 
during M→H exercise after priming. It is concluded that 
the τ for the initial exponential change of muscle [PCr] 
and pulmonary O2 following the transition from 
moderate-to-high-intensity prone knee-extension exercise 
is not altered by priming exercise. 
 
PCr dynamics; O2 kinetics; knee-extension exercise; 
work-to-work transition; priming exercise. 
 
 
THE  PHYSIOLOGICAL FACTORS THAT RATE-LIMIT the increase in 
muscle and pulmonary O2 uptake ( O2) following a step 
change in metabolic rate, such as at the onset of exercise, 
remain a source of debate (28, 43, 47, 63).  Depending on 
the experimental paradigm, including the subject 
population and the type of exercise being performed, 
these factors are likely to involve feedback control of 
mitochondrial respiration through the creatine kinase 
(CK) reaction  (23, 32, 35, 43, 46, 50), the activation of 
rate-limiting metabolic enzymes (18, 24, 47, 63), muscle 
fiber recruitment patterns (5, 6, 12, 27), and muscle O2 
availability (28, 29, 42, 48, 63). Faster O2 kinetics will 
limit the magnitude of the O2 deficit and thus the 
contribution of substrate-level phosphorylation to energy 
metabolism and the muscle metabolic perturbation 
experienced across the transition from a lower to a higher 
metabolic rate (47, 58). As such, resolution of the factors 
limiting O2 kinetics is important as a first step towards 
the design of physical or pharmacological interventions 
to enhance human exercise tolerance. 
Prior exercise models have been used extensively to 
investigate the control of respiration following the onset 
of exercise. Such “priming” exercise  increases 
convective and diffusive components of muscle O2 
delivery, increases the activity of rate-limiting enzymes in 
the respiratory chain, alters motor unit recruitment 
patterns, and can profoundly influence the O2 response 
during subsequent exercise (31). However, whether and 
how priming alters O2 kinetics depends upon a number 
of factors including the age and training status of the 
subjects, the exercise modality and body position, and the 
intensity of the priming and criterion exercise bouts (2, 8, 
13, 24, 29, 37). For example, moderate-intensity exercise 
(i.e., below the lactate threshold, <LT) is generally 
unaffected by priming (9, 19, 22) whereas high-intensity 
exercise (>LT) is characterized by an accelerated overall 
O2 response (8, 9, 22). The majority of previous studies 
indicate that this speeding is usually due to a reduction of 
the O2 slow component amplitude with unchanged 
phase II O2 time constant (τp)  (2, 7-9, 21, 36, 62).  
However, in circumstances where the τp is relatively long 
in the control condition, such as during supine cycling 
where the exercising musculature is at or above the level 
of the heart, priming shortens τp, but does not affect the 
response-phase amplitudes (29, 37). 
By dividing metabolic transitions to high-intensity 
exercise into two discrete steps (e.g., rest-to-moderate-
intensity transition and moderate-to-high-intensity 
transition; i.e., R→M and M→H, respectively), the 
response characteristics of different segments of the 
motor unit recruitment pool can be isolated (16, 17, 34, 
60, 61). For example, compared to R→M (or, more 
properly, unloaded to moderate-intensity cycling), the 
M→H (i.e., “work-to-work”) transition during upright 
cycle exercise is characterized by a lengthened τp and a 
greater O2 increase per work rate increment (∆
O2/∆work rate; G), (16, 17, 61).  This response is 
consistent with a greater proportional involvement of 
muscle fibers that are positioned higher in the recruitment 
hierarchy (e.g., type II fibers) under these circumstances 
(27, 39, 61); type II fibers are generally accepted to 
possess slower O2 kinetics and poor efficiency relative 
to type I fibers (12, 49).  
To our knowledge, only two studies have examined the 
effect of priming exercise on O2 kinetics during work-
to-work exercise. During upright cycle exercise, 
DiMenna et al. (14) reported that priming did not alter τp,,  
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but did reduce the amplitude of the O2 slow component 
in M→H transitions. In contrast, during supine cycle 
exercise, priming significantly reduced the τp during 
M→H exercise without altering the response-phase 
amplitudes (17). These data were interpreted to indicate 
that, during upright cycling, the longer τp during M→H 
compared to R→M was related to innately slower O2 
kinetics of the higher-order fibers recruited in the work-
to-work transition whereas during supine cycling, the 
reduced perfusion pressure resulted in the superimposition 
of an O2-delivery limitation during M→H that was 
“corrected” by priming exercise. 
The kinetic features of the intramuscular [PCr] 
response to exercise are similar to those of pulmonary 
O2 (4, 44, 50-53). This association is consistent with the 
view that oxidative phosphorylation is principally under 
feedback control through one or more of the reactants or 
products of cytosolic high-energy phosphate hydrolysis 
(23, 43, 46). Accordingly, similar to what has been 
reported for O2, the fundamental [PCr] τ has been 
shown to be markedly lengthened and the fall in [PCr] for 
a given increase in work rate to be greater for M→H 
compared to R→M transitions (34). The influence of 
priming exercise on muscle [PCr] kinetics during full rest-
to-high-intensity exercise transitions has been examined 
previously (20, 30, 41, 51). These studies have 
consistently shown that priming does not alter the τ for 
the fundamental [PCr] response, but does reduce the 
amplitude of the subsequent [PCr] slow component.  
Rossiter et al. (51) measured [PCr] and O2 kinetics 
simultaneously and reported that priming resulted in a 
reduction of the τp for O2, but not [PCr], during 
subsequent high-intensity prone knee-extension exercise, 
suggesting a dissociation between the O2 and [PCr] 
dynamics in the “primed” condition. No previous studies 
have investigated the influence of priming on muscle 
[PCr] kinetics during R→M or M→H work-to-work 
transitions. 
The purpose of the present study was to investigate the 
influence of priming on the [PCr] and O2 responses of 
different segments of the motor unit recruitment pool 
during prone knee-extension exercise by dividing high-
intensity transitions into R→M and M→H steps. This 
would be expected to provide insight into whether the 
slower [PCr] and O2 responses during M→H compared 
to R→M transitions are related only to the intrinsic 
metabolic properties of the different populations of 
muscle fibers contributing to power production, or 
whether the kinetics are additionally limited by muscle O2 
delivery. We hypothesized that the performance of prior 
high-intensity exercise: 1) would not influence [PCr] or 
O2 kinetics during R→M transitions; but 2) would reduce 
the fundamental phase [PCr] τ and O2 τp without 
altering response-phase amplitudes during M→H 
transitions.  
 
METHODS 
 
Subjects. Six male subjects (mean ± SD age 33 ± 10 
years, stature 1.82 ± 0.04 m, mass 79.5 ± 7.7 kg) 
volunteered and gave written informed consent to 
participate in this study, which had been approved by the 
local Research Ethics Committee. The subjects were all 
recreationally active in a variety of sport and exercise 
activities and were non-smokers. On test days, subjects 
were instructed to report to the laboratory in a rested state, 
having completed no strenuous exercise within the 
previous 24 hours, and having abstained from food, 
alcohol and caffeine for the preceding 3 hours. 
Experimental Overview. This study required subjects to 
perform four double-legged knee-extension exercise tests. 
Initially, a preliminary incremental test that served to 
familiarise subjects with the exercise modality and also 
provided data that helped to determine moderate- and 
high-intensity work rates for each subject was performed.  
Subsequently, the subjects completed two identical 
“work-to-work” exercise tests separated by five minutes 
of rest on three separate occasions. All testing was 
completed in an air-conditioned environment at a 
temperature of 20-22°C and was conducted at the same 
time of day (± 2 h) for each subject. Two of these tests 
were performed in the exercise physiology laboratory and 
the third was performed in the MRS laboratory at the 
Peninsula Magnetic Resonance Research Centre (Exeter, 
UK). The three tests were undertaken in random order and 
the same ergometer and procedures were used for all 
testing. The double-legged knee-extension exercise tests 
were conducted in the prone position, with subjects 
secured to the ergometer bed via Velcro straps at the 
thigh, buttocks, lower back and middle back to minimize 
extraneous movement during exercise. The custom-
designed ergometer consisted of a nylon frame that was 
fitted onto the bed in alignment with the subject’s feet and 
a base unit that was positioned behind the bed.  Cuffs with 
Velcro straps were secured to the subject’s feet and ropes 
were attached to the cuffs. These ropes passed around 
pulleys housed within the frame to points of attachment 
on chains that meshed with a cassette of sprockets on the 
base unit. The sprocket arrangement was such that when a 
bucket containing non-magnetic weights was attached to 
each chain, it provided a concentric-only resistive load for 
each leg. This allowed for the performance of rhythmic 
double-legged knee-extension exercise in a contralateral-
alternating manner over a distance of ~0.22 m. Subjects 
lifted the weight in accordance with a visual cue at a 
frequency of 40 rpm. 
Exercise Physiology Laboratory Testing. On the first 
visit to the exercise physiology laboratory, subjects 
performed an incremental exercise test to volitional 
exhaustion. This test involved two-minute stages with the 
load progressed according to subject perceived exertion. 
This allowed for the completion of six stages (12 minutes 
of exercise) in all cases and provided the opportunity for 
subjects to become accustomed to this novel form of 
exercise. Bipolar surface electromyography was used to 
measure neuromuscular activity of the m. vastus lateralis 
of the right leg throughout these incremental tests. This 
provided data that was subsequently used to determine 
appropriate resistive loads to comprise the work-to-work 
exercise bouts. For electromyographic measurements, the 
leg was initially shaved and cleaned with alcohol around 
the belly of the muscle and graphite snap electrodes 
(Unilect 40713, Unomedical, Stonehouse, Great Britain) 
were adhered to the prepared area in a bipolar 
arrangement (interelectrode distance 40 mm). A ground 
electrode was positioned on the biceps femoris equidistant 
from the active electrodes. The sites of electrode 
placement were chosen according to the recommendations 
provided in the EMG software (Mega Electronics Ltd, 
Finland). To secure electrodes and wires in place and to 
minimize movement during knee-extension exercise, an 
elastic bandage was wrapped around the subject’s leg. Pen 
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marks were made around the electrodes to enable 
reproduction of the placement in subsequent tests. The 
EMG signal was recorded at a sampling frequency of 
1000 Hz using a ME3000PB Muscle Tester (Mega 
Electronics Ltd, Finland). The bipolar signal was 
amplified (amplifier input impedance > 1 M Ω), and data 
were collected on-line in raw form and stored on a 
personal computer using MegaWin software (Mega 
Electronics Ltd, Finland). The raw EMG data were 
subsequently exported as an ASCII file and analyzed at a 
later date (see below). Subjects initially performed three 
maximal voluntary contractions (MVC) with the right leg 
flexed at ~30 degrees. Each contraction was maintained 
for 3 s and a 60-s rest period was provided between repeat 
trials. Five minutes of passive rest separated the final 
MVC from the beginning of the incremental bout.  
On the next two visits to the exercise physiology 
laboratory, subjects performed the experimental protocol 
with pulmonary gas exchange and ventilation measured 
breath-by-breath and EMG measured as outlined above.  
The protocol involved three MVCs (see above), 5 min of 
passive rest, 6 min of moderate-intensity knee-extension 
exercise, 6 min of high-intensity knee-extension exercise, 
5 min of passive rest, 6 min of moderate-intensity knee-
extension exercise and 6 min of high-intensity knee-
extension exercise.  This provided data for moderate 
unprimed (R→M Unprimed), work-to-work unprimed 
(M→H Unprimed), moderate primed (R→M Primed), 
and work-to-work primed (M→H Primed) exercise 
transitions.  
Pulmonary gas exchange and ventilation were measured 
breath-by-breath with subjects wearing a nose clip and 
breathing through a low-dead-space, low-resistance 
mouthpiece and bidirectional digital volume sensor 
(Jaeger TripleV). The inspired and expired gas volume 
and gas concentration signals were continuously sampled 
at 100 Hz via a capillary line connected to the 
mouthpiece, the latter using paramagnetic (O2) and 
infrared (CO2) analyzers (Jaeger Oxycon Pro, Hoechberg, 
Germany).  The gas analyzers were calibrated before each 
test with gases of known concentration and the volume 
sensor was calibrated using a 3-liter syringe (Hans 
Rudolph, Kansas City, MO). During one of the two trials, 
a blood sample from a fingertip was collected into a 
capillary tube over the 20 s preceding any step transition 
in work rate and within the last 20 s of exercise and 
subsequently analyzed to determine blood [lactate] (YSI 
1500, Yellow Springs Instruments, Yellow Springs, OH, 
United States).  Blood lactate accumulation (∆blood 
[lactate]) was calculated as the difference between blood 
[lactate] at end-exercise and blood [lactate] prior to the 
transition. The O2 responses from like-transitions were 
averaged prior to any analysis being performed in order to 
enhance the signal-to-noise ratio and improve confidence 
in the parameters derived from the model fits (40, 58). 
The EMG data from like transitions were also averaged 
prior to further analysis. 
MRS Laboratory Testing. During the visit to the MRS 
laboratory, the same experimental protocol outlined above 
including the initial MVC procedure was performed; 
however, in this case, subjects were positioned prone 
inside the bore of a 1.5-T superconducting MR scanner 
for 31P-MRS assessment of muscle metabolic responses.  
A 6-cm 31P transmit/receive surface coil was placed 
within the subject bed and the subject was asked to lie on 
it such that the coil was centered over the quadriceps 
muscle of the right leg. Cod liver oil capsules that yield 
high-intensity signal points within the image were placed 
adjacent to the coil and fast field echo images were 
acquired to ensure that the muscle was positioned 
correctly. A number of pre-acquisition steps were carried 
out to optimize the signal from the muscle. Tuning and 
matching of the coil were performed to maximize energy 
transfer between the coil and the muscle followed by an 
automatic shimming protocol undertaken within a volume 
that defines the quadriceps muscle to optimize the 
homogeneity of the local magnetic field. Finally, to 
ensure a consistent distance from the coil at the time of 
data sampling, 31P-MRS examination of the quadriceps 
was synchronized with end-range extension.  Before and 
during exercise, following the application of an adiabatic 
excitation pulse every 1.5 s, data were acquired with a 
spectral width of 1,500 Hz and 1000 data points. Phase 
cycling with four phase cycles was employed, which lead 
to a spectrum being acquired every 6 s. The subsequent 
spectra were quantified via peak fitting, with the 
assumption of prior knowledge, using the jMRUI (version 
2) software package and the AMARES fitting algorithm 
(57). Spectra were fitted according to the assumption that 
Pi, PCr, α-ATP (two peaks, amplitude ratio 1:1), γ-ATP 
(two peaks, amplitude ratio 1:1), β-ATP (three peaks, 
amplitude ratio 1:2:1) and phosphodiester peaks were 
present. In all cases, relative amplitudes were corrected 
for partial saturation due to the repetition time relative to 
T1 via an unsaturated spectra acquired prior to the 
exercise protocol. Intracellular pH was calculated using 
the chemical shift of the Pi spectral peak relative to the 
PCr peak (56). Baseline and end-exercise intramuscular 
pH were defined as the mean intramuscular pH measured 
over the final 30 s prior to each transition and the final 30 
s of exercise, respectively. Intramuscular pH during 
exercise was calculated as the mean of the values 
measured immediately prior to and after each minute-by-
minute time point (i.e., a 6-s bin centered on 60, 120, 180, 
240 and 300 s).  
Data Analysis Procedures. The breath-by-breath O2 
data from each test were initially examined to exclude 
errant breaths caused by coughing, swallowing, sighing, 
etc., and those values lying more than four standard 
deviations from the local mean were removed. The 
breath-by-breath data were subsequently linearly 
interpolated to provide second-by-second values and, for 
each individual, identical repetitions were time-aligned to 
the start of exercise and ensemble-averaged. To further 
reduce breath-to-breath noise and enhance underlying 
response characteristics, each averaged response was then 
smoothed with a five-point rolling-average filter before a 
nonlinear least-square algorithm was used to fit the data. 
The inflection point that separates the cardiodynamic and 
phase II response phases was identified by visual 
inspection and the fitting window was constrained to start 
at that time point (59). For moderate- and high-intensity 
exercise, a single- (equation 1) and bi- (equation 2) 
exponential model, respectively, were used to characterize 
the O2 response, as described in the following 
equations: 
 
O2(t) = O2 baseline + Ap(1-e-(t-TDp)/τp)                            ( Eqn 1) 
                  
O2(t) = O2 baseline + Ap(1-e-(t-TDp)/τp) + As(1-e-(t-TDs)/ τs) (Eqn 2) 
 
where O2 (t) represents the absolute O2 at a given time  
t; O2baseline represents the mean O2 in the baseline 
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period; Ap, TDp, and p represent the amplitude, time 
delay, and time constant, respectively, describing the 
phase II increase in O2 above baseline; and As, TDs, and 
s represent the amplitude of, time delay before the onset 
of, and time constant describing the development of, the  
O2 slow component, respectively. An iterative process 
was used to minimize the sum of the squared errors 
between the fitted function and the observed values.  
O2baseline was defined as the mean O2 measured over the 
final 90 s prior to each transition.  The end- exercise O2 
was defined as the mean O2 measured over the final 30 
s of exercise. The absolute fundamental component 
amplitude for high-intensity exercise (Absolute Ap) was 
defined as the sum of O2baseline and Ap. The initial rate of 
change of O2 was calculated from the onset of exercise 
for the Unprimed and Primed conditions (d O2/dt) and 
also at a time point during the unprimed bout that was 
adjusted for the elevated baseline that was present after 
priming (d O2/dt adjusted).  Because the asymptotic 
value (As) of the exponential term describing the O2 
slow component may represent a higher value than is 
actually reached at the end of the exercise, the actual 
amplitude of the O2 slow component at the end of 
exercise was defined as As'. The amplitude of the O2 
slow component was also described relative to the entire 
O2 response and without reliance on modeling-derived 
parameters as the difference between O2 at minute 2 
(average from 105-135 s) and end-exercise (∆ O2(6-2)). 
 [PCr] data were expressed as the percentage change 
relative to the initial resting baseline (i.e., the value prior 
to R→M Unprimed, which was assumed to represent 
100%).  [PCr] data were modeled using equation 1 with 
time delay fixed at t = 0 (50). For moderate exercise, the 
fit included all data from exercise onset to the end of 
exercise whereas for high-intensity exercise, the fitting 
window was constrained from t = 0 to the time point at 
which a departure from fundamental mono-exponentiality 
occurred as judged from visual inspection of a plot of the 
residuals of the fit. Baseline and end-exercise [PCr] were 
defined as the mean [PCr] measured over the final 30 s 
prior to each transition and the final 30 s of exercise, 
respectively. The initial rate of change of [PCr] was 
determined in the same manner as O2 (see above) and 
the [PCr] slow component was calculated as the 
difference between end-exercise [PCr] and the value 
indicated by equation 1 at t = 360. The [PCr] slow 
component was also described relative to the entire PCr] 
response and as ∆[PCr](6-2) (see above).  
The raw EMG data were filtered with a 20 Hz high-
pass second-order Butterworth filter to remove 
contamination from movement artifacts. The signal was 
then rectified and low-pass filtered at a frequency of 50 
Hz to produce a linear envelope. For the 3-s MVCs, the 
average iEMG was calculated for 1 s intervals and the 
highest value was defined as the iEMG MVC. For the 
incremental bout, the average iEMG was calculated for 15 
s intervals throughout exercise and the iEMG for each 
work rate was defined as the average iEMG from 15-75 s 
of exercise. Results from pilot testing indicated that loads 
that would require ~15% and ~30% of the iEMG MVC 
estimated in this manner would be appropriate for 
moderate- and high-intensity knee-extension exercise, 
respectively; therefore, loads for the work-to-work bouts 
were determined accordingly. For the work-to-work 
bouts, average iEMG was calculated for 60 s intervals 
throughout exercise and these values were normalized to 
the iEMG MVC recorded prior to the bout. Data from 
repeat trials were averaged and ∆iEMG6-1 was defined as 
the difference between the average iEMG over the last 60 
s of exercise and the average from 0-60 s. The average 
iEMG over each entire bout was also calculated as a gross 
indicator of the intensity of the bout. Finally, ∆
O2/∆iEMG was calculated at 60 s time points throughout 
exercise. 
Statistics. The parameters derived from the modelling 
of the O2 and [PCr] data for R→M and M→H 
Unprimed and Primed were compared using paired t-tests. 
The iEMG and intramuscular pH data were also analyzed 
using paired t-tests, both for comparisons of the unprimed 
vs. primed conditions and for comparisons of start vs. end-
exercise values within conditions. Time dependent 
changes of ∆ O2/∆iEMG were analyzed using repeated 
measures analysis of variance with Fisher’s least 
significant difference tests, as appropriate, to identify the 
location of statistically significant differences. 
Significance was accepted at P < 0.05. Results are 
reported as mean ± SD. 
 
Results 
 
The average normalized iEMG for R→M Unprimed 
and R→M Primed was 13 ± 5% and 15 ± 4% of that 
measured during the MVC, respectively. The average 
normalized iEMG for M→H Unprimed and M→H 
Primed was 34 ± 6% and 34 ± 7% of that measured 
during the MVC, respectively. The average iEMG for the 
M→H bout was significantly greater than the average 
iEMG for the R→M bout in both the Unprimed and 
Primed conditions (P < 0.01). 
 
Effect of Priming on O2 and [PCr] Kinetics during Rest-
to-Moderate-Intensity Exercise 
 
 The group mean O2 responses for R→M Unprimed 
and R→M Primed are illustrated in Figure 1 (top panel) 
and the response parameters are presented in Table 1.  
Baseline O2 was significantly elevated for R→M 
Primed; however, end-exercise O2 was not significantly 
different between conditions. Similarly, the phase II O2 
τ, amplitude and d[ O2]/dt were not significantly altered 
by priming. 
 The group mean [PCr] responses for R→M Unprimed 
and R→M Primed are illustrated in Figure 1 (bottom 
panel) and the response parameters are presented in Table 
2. Baseline [PCr] was significantly reduced for R→M 
Primed; however, end-exercise [PCr] was not 
significantly different between conditions. Similarly, the 
[PCr] τ and d[PCr]/dt were not significantly different.  
However, the [PCr] amplitude was significantly reduced 
by priming (21 ± 7% and 14 ± 5% for R→M Unprimed 
and R→M Primed, respectively).  
 
Effect of Priming on O2 and [PCr] Kinetics during 
Moderate-to-High-Intensity Exercise 
 
The group mean O2 responses for M→H Unprimed 
and M→H Primed are illustrated in Figure 1 (top panel) 
and the response parameters are presented in Table 3.  
Baseline and end-exercise O2 were not significantly 
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Fig. 1. Group mean pulmonary 
O2 response (upper panel) 
and intramuscular [PCr] 
hydrolysis response (lower 
panel) during R→M/M→H 
exercise transitions. Δ, the 
unprimed condition; ■, the 
primed condition. Vertical 
dashed lines represent the 
transitions in work rate. Notice 
the slower O2 and [PCr] 
responses in M→H compared 
to R→M and the “trimming 
out” of the O2 and [PCr] 
slow components following 
priming.
 
affected by priming. The phase II O2 τ and amplitude 
were also not significantly different between conditions. 
However, there was a tendency for the fundamental O2 
absolute amplitude to be increased for M→H Primed (P 
= 0.09). Similarly, the phase II d[ O2]/dt at exercise 
onset tended to be greater after priming (P=0.07) and 
this difference was statistically significant with the 
baseline adjustment. The O2 slow component time 
delay was not significantly different between conditions.  
However, the O2 slow component amplitude in both 
absolute and relative terms was significantly reduced by 
priming, as was ∆ O2(6-2) (see Figures 1 and 2).  
 The group mean [PCr] responses for M→H Unprimed 
and M→H Primed are illustrated in Figure 1 (bottom 
panel) and the response parameters are presented in 
Table 4. Baseline and end-exercise [PCr] were not 
significantly affected by priming. The fundamental [PCr] 
τ, amplitude and d[PCr]/dt were similarly unaffected by 
priming, and the ∆ O2/∆[PCr] was not significantly 
different between conditions. The time point at which the 
departure from fundamental phase mono-exponentiality 
occurred was not  
 
   
Table 1. Parameters for the O2 uptake kinetics during unprimed 
and primed rest-to-moderate-intensity exercise transitions.   
   
 R→M 
Unprimed 
 
R→M 
Primed  
Baseline O2, l/min 0.42 ± 0.05 0.47 ± 0.06*  
Phase II τ, s  26 ± 8 25 ± 9 
Phase II amplitude, l/min 0.37 ± 0.07 0.36 ± 0.08  
d O2 /dt, l/min/min 1.00 ± 0.50 1.00 ± 0.40 
d O2 /dt adj, l/min/min 0.80 ± 0.40 1.00 ± 0.40 
End-exercise O2, l/min 0.80 ± 0.08 0.84 ± 0.09  
 Values are means ± SD. R→M Unprimed, rest to moderate 
exercise unprimed; R→M Primed, rest to moderate exercise 
primed; τ, time constant. *Significantly different from R→M 
Unprimed condition (P < 0.05). 
 
Table 2. Parameters for the [PCr] dynamics during unprimed 
and primed rest-to-moderate-intensity exercise transitions.   
   
 R→M 
Unprimed 
 
R→M 
Primed  
Baseline [PCr], % 100 ± 0 90 ± 6*  
Fundamental τ, s  24 ± 16 22 ± 14 
Fundamental amplitude, % 21 ± 7 14 ± 5*  
d[PCr]/dt, %/min 75 ± 47 69 ± 82 
d[PCr]/dt adj, %/min  36 ± 13 69 ± 82 
End-exercise [PCr], % 79 ± 7 75 ± 10 
 Values are means ± SD. R→M Unprimed, rest to moderate 
exercise unprimed; R→M Primed, rest to moderate exercise 
primed; %, % initial baseline; τ, time constant. *Significantly 
different from R→M Unprimed condition (P < 0.05).  
 
 
significantly different between conditions.  However, the 
[PCr] slow component amplitude in both absolute and 
relative terms was significantly reduced by priming, as 
was ∆[PCr](6-2) (see Figures 1 and 2).  The total [PCr] 
response amplitude was also reduced by priming.   
 
Comparison of O2 and [PCr] Kinetics  
 
 There was no significant difference between the phase 
II O2 τ and the fundamental [PCr] τ for R→M 
Unprimed, R→M Primed, M→H Unprimed or M→H 
Primed. Similarly, there was no significant difference 
between the relative O2 and [PCr] component 
amplitudes for either M→H Unprimed or M→H Primed.  
The group mean phase II O2 τ and fundamental [PCr] τ 
were 25% and 42% longer, respectively, during M→H 
Unprimed compared to R→M Unprimed, but the 
differences did not attain statistical significance (P < 
0.10). 
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Fig.2. Group mean ± SD O2 (open bars) and [PCr] (closed 
bars) slow component relative response amplitudes during M→H 
exercise in the unprimed and primed states. *Significant 
difference between the unprimed and primed conditions (P < 
0.05).  
 
 
Intramuscular pH and Blood [Lactate] Responses 
 
 The group mean intramuscular pH responses for 
R→M/M→H Unprimed and R→M/M→H Primed are 
illustrated in Figure 3. Intramuscular pH was significantly 
lower for R→M Primed compared to R→M Unprimed at 
baseline, minute 1 and minute 2; however, for minutes 3-
6, there was no significant difference between conditions. 
Intramuscular pH was significantly higher for M→H 
Primed compared to M→H Unprimed at all time points 
other than baseline.  
 Baseline blood [lactate] was significantly elevated for 
R→M Primed compared to R→M Unprimed (R→M 
Unprimed: 0.7 ± 0.3 mM vs. R→M Primed: 1.7 ± 0.6 
mM); however, at end exercise, there was no significant 
difference between conditions. Consequently, during 
R→M, ∆blood [lactate] was significantly reduced after 
priming (0.1 ± 0.2 mM and -0.5 ± 0.2 mM for R→M 
Unprimed and R→M Primed; respectively). For M→H, 
baseline blood [lactate] (M→H Unprimed: 0.8 ± 0.3 mM; 
M→H Primed: 1.2 ± 0.5 mM) and end-exercise blood 
[lactate] (M→H Unprimed: 1.8 ± 0.6 mM; M→H Primed: 
1.7 ± 1.0 mM) were not significantly different between 
conditions; however, ∆blood [lactate] was significantly 
reduced after priming (1.0 ± 0.5 mM v. 0.5 ± 0.6 mM for 
M→H Unprimed and M→H Primed, respectively. 
 
     
Table 3. Parameters for the O2 uptake kinetics during unprimed 
and primed work-to-work high-intensity exercise transitions.   
   
 M→H 
Unprimed 
 
M→H 
Primed  
Baseline O2, l/min 0.78 ± 0.07 0.84 ± 0.11 
Phase II τ, s  37 ± 5 38 ± 9 
Phase II amplitude, l/min 0.35 ± 0.07 0.42 ± 0.06 
Phaase II d O2 /dt, l/min/min 0.56 ± 0.10 0.69 ± 0.18 
Phase II d O2 /dt adj, l/min/min 0.49 ± 0.27 0.69 ± 0.18* 
Phase II Absolute O2, l/min 1.13 ± 0.13 1.26 ± 0.11 
O2 SC time delay, s 127 ± 28 145 ± 73 
O2 SC amplitude, l/min 0.26 ± 0.15 0.14 ± 0.13* 
O2 SC relative amplitude, % 41 ± 16 22 ± 15* 
∆ O2(6-2), l/min 0.26 ± 0.16 0.15 ± 0.10* 
End-exercise O2, l/min 1.38 ± 0.10 1.40 ± 0.22 
 Values are means ± SD. M→H Unprimed, moderate to high 
intensity exercise unprimed; M→H Primed, moderate to high 
intensity exercise primed; τ, time constant; SC, slow component. 
*Significantly different from M→H Unprimed condition (P < 
0.05).  
 Table 4. Parameters for the [PCr] dynamics during unprimed 
and primed work-to-work high-intensity exercise transitions.   
   
 M→H 
Unprimed 
 
M→H 
Primed  
Baseline [PCr], %                   79 ± 8 76 ± 11 
Fundamental τ, s 30 ± 5 32 ± 7 
Fundamental amplitude, % 37 ± 11 34 ± 12 
Fundamental absolute {PCr], % 58 ± 19 59 ± 22 
d[PCr]/dt, %/min                        77 ± 27 65 ± 12 
d[PCr]/dt adj, %/min                   71 ± 23 65 ± 12 
Monoexponential departure, s 117 ± 29 139 ± 27 
[PCr] SC amplitude, %               11 ± 5 5 ± 2* 
Relative [PCr] SC amplitude, % 24 ± 12 12 ± 5* 
∆[PCr](6-2), %  10 ± 4 5 ± 3* 
Total [PCr] amplitude, % 47 ± 8 38 ± 12* 
End-exercise [PCr], % 30 ± 16 37 ± 23 
 Values are means ± SD. M→H Unprimed, moderate to high 
intensity exercise unprimed; M→H Primed, moderate to high 
intensity exercise primed; %, % initial baseline; τ, time constant; 
SC, slow component. *Significantly different from M→H 
Unprimed condition (P < 0.05).  
 
 
iEMG Responses 
 
 For both R→M Unprimed and R→M Primed, the mean  
iEMG during the sixth minute of exercise was not 
significantly different from mean iEMG during the first 
minute of exercise. For M→H Unprimed, the mean iEMG 
during the sixth minute of exercise was significantly 
greater than mean iEMG during the first minute of 
exercise; however, for M→H Primed, there was no 
significant difference. The ΔiEMG(6-1) was significantly 
greater for M→H Unprimed compared to the other three 
conditions, which did not differ.  The group mean iEMG 
for the first and sixth minute of exercise for both 
moderate and high-intensity prone knee-extension 
exercise in the unprimed and primed states are depicted in 
Figure 4.  
 The group mean ∆ O2/∆iEMG response for 
R→M/M→H Unprimed and R→M/M→H Primed is 
illustrated in Figure 5. Post minute 2, ∆ O2/∆iEMG 
remained stable throughout both R→M bouts and there 
was no significant difference for ∆ O2/∆iEMG between 
R→M Unprimed and R→M Primed at any time point.  
Similarly, the ∆ O2/∆iEMG was not significantly 
different for the M→H Unprimed and M→H Primed 
bouts at any time point and the ratio remained constant 
beyond two min of exercise in both cases. 
 
DISCUSSION 
 
 The principal original finding of this investigation was 
that the performance of prior high-intensity exercise did 
not shorten either the [PCr] fundamental τ or the O2 τp 
during rest-to-moderate-intensity (R→M) or moderate-to-
high-intensity (M→H) prone knee-extension exercise.  
This suggests that despite the prone posture assumed by 
the subjects, the fundamental [PCr] and O2 response 
kinetics were not limited by O2 availability, even in the 
higher-order fibers that would be expected to be recruited 
in the M→H condition and which are known to be 
especially sensitive to limitations in O2 supply (6, 45).  
However, priming did reduce the amplitudes of the [PCr] 
and O2 slow components during M→H exercise, in 
addition to blunting the intramuscular pH response.   
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Fig 3. Group mean ± SD intramuscular pH responses at 60-s intervals during R→M/M→H exercise transitions. 
Δ, the unprimed condition; ■, the primed condition. Vertical dashed lines denote the transitions in work rate. 
*Significant difference between the unprimed and primed conditions at that time point (P < 0.05). #Significant 
difference between baseline and end exercise for R→M Primed (P < 0.05). †Significant difference between 
baseline and end exercise for M→H Unprimed (P < 0.05). Notice the attenuated intramuscular pH response 
during M→H exercise after priming. 
  
These latter alterations appear to be linked to changes in 
motor unit recruitment patterns: the iEMG between the 
first and the final minute of M→H exercise was 
significantly increased in the unprimed, but not the 
primed condition, and ΔiEMG(6-1) was significantly 
decreased during M→H exercise after priming. 
 
Effect of Priming on Rest-to-Moderate-Intensity Exercise 
 
 Consistent with our hypothesis, the performance of 
prior high-intensity exercise did not reduce the phase II 
O2 τ in the transition from rest to moderate-intensity 
exercise.  It is well established that moderate-intensity 
cycling in the upright position is unaffected by either 
moderate- or high-intensity priming (9, 19, 22, cf. 24) and 
we have previously shown a similar lack of prior-exercise 
effect during moderate-intensity cycling in the supine 
position (17). In the latter study, τp for moderate exercise 
was similar in the supine and upright positions, but the 
ratio between the change in the deoxygenated 
hemoglobin/myoglobin signal derived from near infra-red 
spectroscopy (NIRS) and the change in O2 was 
significantly greater for supine cycling (17). This suggests 
that an enhanced fractional O2 extraction in the type I 
fibers that would be recruited at this intensity (27, 39) 
counteracted the reduced O2 availability consequent to the 
supine posture such that O2 kinetics was not slowed. In 
the present study, the τp value for R→M Unprimed (26 ± 
8 s) was typical for young healthy subjects performing 
moderate-intensity exercise, implying that an increased 
fractional O2 extraction might have offset any perfusion 
compromise associated with the prone body position. In 
this case, increasing muscle O2 delivery through the 
completion of a priming bout of prior exercise would not 
be expected to reduce τp (17, 47). 
 The fundamental [PCr] τ in the transition from rest to 
moderate-intensity exercise was also unaffected by 
priming. The O2 and [PCr] τ values during R→M were 
not different either before or after priming, data which are 
consistent with the notion that mitochondrial respiration is  
principally under feedback control through the CK 
reaction (23, 32, 35, 43, 46). A direct proportionality 
between the kinetics of [PCr] and the kinetics of O2 has 
been reported previously (4, 44, 50-53). However, the 
[PCr] fundamental amplitude was significantly reduced by 
priming in the present study whereas the O2 amplitude 
was unchanged. We and others have previously reported 
that priming significantly increases the total 
hemoglobin/myoglobin in the quadriceps as assessed 
using NIRS during prone knee-extension exercise (30, 
41). The reduced [PCr] during primed R→M exercise 
might, therefore, be a consequence of increased muscle 
blood flow and O2 delivery, which permitted the same 
metabolic rate to be achieved with altered redox and 
phosphorylation potentials (18, 28, 63). Similarly, Haseler 
et al. (26) reported that the inspiration of 100% O2 
reduced the end-exercise [PCr], but without changing the 
τ or initial rate of change of [PCr] during exercise at 60% 
peak work rate. 
 Another explanation for the apparent [PCr] sparing we 
observed for R→M Primed might be that it represented 
the net effect of two simultaneously occurring responses 
in diverse segments of the fiber pool. Despite the five-
minute rest we allowed after completion of the initial 
work-to-work bout, [PCr] had not returned to its baseline 
level prior to the onset of the second work-to-work bout.  
PCr is re-synthesized predominantly via oxidative 
phosphorylation (1, 25); however, re-synthesis does not 
appear to occur in contracting fibers even during 
moderate-intensity exercise when O2 availability is 
presumed to be sufficient (50, 54). Because the MRS 
signal represents net [PCr] changes in the entire area of 
interrogation, it is possible that the measured [PCr] 
reflected not only PCr hydrolysis in active fibers, but also 
PCr recovery in inactive higher-order fibers that had 
contributed during the preceding high-intensity exercise 
bout.
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Fig.4. Group mean ± SD integrated electromyogram responses 
for minute 1 (open bars) and minute 6 (closed bars) during 
R→M and M→H exercise transitions in the unprimed and 
primed states. *Significant difference between minute 1 and 
minute 6 within condition (P < 0.05). †Significantly greater 
∆iEMG(6-1) for M→H Unprimed compared to all other conditions.  
 
 
Effect of Priming on Moderate-to-High-Intensity Exercise 
 
 The group mean phase II O2 τ and fundamental [PCr] 
τ were substantially slower (by ~25% and ~42%, 
respectively) during M→H Unprimed compared to R→M 
Unprimed, although inter-individual variability precluded 
the attainment of statistical significance. This is consistent 
with previous studies that have reported slower O2 
kinetics (16, 17, 34, 60, 61) and slower [PCr] kinetics (34) 
when work rate is incremented from an elevated baseline 
metabolic rate. While it has been suggested that this effect 
might be related to a greater contribution from anaerobic 
glycolysis or slower muscle O2 delivery kinetics (28), the 
observation of slower kinetics is also consistent with a 
greater proportional involvement of muscle fibers that are 
positioned higher in the recruitment hierarchy (e.g., type 
II fibers; 27, 39, 61). There is evidence that, relative to 
type I fibers, type II fibers have slower O2 kinetics (12, 
49) and are less able to defend the microvascular O2 
pressure during transitions to a higher metabolic rate (6, 
45).  
 Contrary to our hypothesis, the performance of prior 
high-intensity exercise did not reduce the phase II O2 τ 
during moderate-to-high-intensity exercise. However, the 
phase II d[ O2]/dt was significantly greater during M→H 
Primed. A faster rate of change during the fundamental 
phase of the O2 response with unaltered τp suggests that 
O2 was projecting to a higher asymptotic amplitude 
after priming; however, the ~13% increase in fundamental 
absolute amplitude did not reach statistical significance (P 
= 0.09). We also observed a significant reduction in the 
amplitude of the O2 slow component during M→H 
Primed, expressed both in absolute and relative terms, and 
as ∆ O2(6-2). A reduced O2 slow component with 
increased fundamental component amplitude is typically 
reported for high-intensity upright cycling after priming 
(2, 7-9, 14, 21, 29, 36, 62) and we have previously shown 
a similar effect during M→H upright cycling where a 
lengthened τp was present compared to transitions to the 
same work rate from an unloaded baseline (14).  
However, for M→H cycling in the supine position and in 
other situations where perfusion limitations result in 
slower phase II O2 kinetics, a priming-induced 
reduction of τp with unchanged response-phase 
amplitudes has been observed (17, 29, 37). This appears 
to indicate that the adequacy of O2 delivery relative to 
metabolic rate in the unprimed control condition 
determines whether priming alters response phase 
amplitudes or τp during subsequent high-intensity exercise 
(17, 47).  
 We hypothesized that priming would reduce τp during 
M→H because the knee-extension exercise that was 
employed in the present study was performed in the prone 
position (i.e., with the exercising musculature at heart 
level). It has been reported that, consequent to this body 
position, the gravitational assist to muscle blood flow is 
absent, muscle perfusion pressure is reduced and the 
adaptation of O2 delivery is slowed (42). We have 
previously shown that fibers involved in M→H cycling 
(i.e., higher-order fibers) cannot increase estimated 
muscle fractional O2 extraction sufficiently to counteract 
reduced O2 availability during supine cycling, resulting in 
a further slowing of τp (17). Under these circumstances, 
the increased muscle O2 delivery following priming 
resulted in a shortening of τp back to the upright cycling 
value (17). In the present study, the τp values we observed 
for M→H Unprimed were similar to what we have 
reported previously for upright M→H cycling (~38 s; 14, 
17). Therefore, it appears that priming did not 
significantly reduce τp during M→H because the 
characteristic slowing of phase II O2 kinetics for work-
to-work exercise was not amplified by the prone body 
position. The reason for this disparity compared to supine 
cycling is unclear. However, the volume of muscle 
recruited to perform the knee-extension exercise in our 
study would likely be considerably less than during 
supine cycling such that the muscle might have been 
relatively well perfused despite the prone body position. 
 The parameters of the O2 and [PCr] kinetics in the 
fundamental phase during M→H were not different either 
before or after priming. Similar to the O2 response, 
priming did not affect the fundamental [PCr] τ for M→H 
Primed, but did reduce the amplitude of the [PCr] slow 
component resulting in a ~20% reduction in [PCr] 
degradation after six minutes of high-intensity exercise.  
As mentioned earlier, a sparing of PCr degradation could 
occur as a consequence of increased O2 availability. It is 
well established that priming facilitates both convective 
and diffusive components of muscle O2 delivery (2, 3, 7, 
13, 15, 21, 30) and it has been suggested that increased 
intracellular PO2 provides feed-forward modulation that 
allows a given rate of ATP flux to be achieved with less 
perturbation of cellular phosphorylation and redox 
potentials (18, 28, 63). A higher phosphorylation potential 
(i.e., [ATP]/[ADP][Pi]) that allows a given rate of 
oxidative phosphorylation to be achieved for less PCr 
degradation would be expected to particularly impact type 
II fibers; these fibers have a higher total creatine content 
and require greater PCr hydrolysis to attain a given O2 
(23, 32, 43). 
 A potential explanation for the reduced [PCr] slow 
component and consequent [PCr] sparing for M→H 
Primed is that priming altered motor unit recruitment 
patterns during subsequent exercise. Indeed, the increase 
in iEMG from minute 1 to minute 6 was significant 
during M→H Unprimed, but not for M→H Primed 
(Figure 4). This blunting of the ∆iEMG during high- 
intensity exercise is similar to what we have reported 
previously for M→H upright cycling after priming (14), 
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Fig. 5 Group mean ± SD ∆
O2/∆iEMG responses at 60-s 
intervals during R→M/M→H 
exercise transitions.  Δ, the unprimed 
condition; ■, the primed condition. 
Vertical dashed line denotes the 
transition from the moderate- to high-
intensity work rate. Notice the 
relative constancy of ∆ O2/∆iEMG 
after two minutes of exercise during 
M→H Unprimed and that this ratio is 
unchanged after priming 
 
but contrasts with what we have found during supine 
cycling (17). The mechanism(s) responsible for the [PCr] 
slow component have yet to be fully elucidated.  
However, a close coupling between this phenomenon and 
the O2 slow component has been shown (51-53). This 
indicates that the O2 slow component reflects a time-
dependent increase in the rate of ATP turnover required 
for a given muscle power production and is consistent 
with the prevailing theory that the [PCr] and O2 slow 
components are related to the progressive recruitment of 
less efficient type II muscle fibers as high-intensity 
exercise proceeds (5, 38, 39, 55). The reduced iEMG 
response in the present study is consistent with a growing 
body of evidence that suggests that delayed-onset fiber 
activation may be reduced after priming and may be 
responsible for the observed reductions in the [PCr] and 
O2 slow components (2, 7, 14, 41). We observed a 
relatively stable ∆ O2/∆iEMG after two minutes of 
exercise during M→H Unprimed that was unchanged 
after priming (Figure 5, upper panel). This constancy 
suggests that changes in neuromuscular activity 
approximately paralleled changes in O2 throughout both 
M→H bouts and that the reduction of the O2 slow 
component during M→H Primed was predominantly due 
to changes in neuromuscular activity.  
 In addition to the reductions in the [PCr] and O2 slow 
components, the accumulation of blood lactate and the fall 
in intramuscular pH was significantly blunted following 
priming (Figure 3). These results are consistent with 
previous reports (20, 30, 41). It is unclear whether the 
higher intramuscular pH following priming is a cause or a 
consequence of the reduced neuromuscular activity and 
energy turnover. On the one hand, a reduced rate of 
fatigue development, for which pH might serve as a 
proxy, would reduce the requirement for additional 
higher-order fiber recruitment to maintain power 
production and, in turn, reduce the [PCr] and O2 slow 
components (5, 38, 39). On the other hand, a reduction in 
type II fiber recruitment as a consequence of other factors 
(10) would itself reduce the rate of lactate production and 
the fall in pH. The reciprocity of the [PCr] and pH 
responses to exercise is reflected in the CK equilibrium 
reaction, which indicates that a low pH will require a 
greater fall in [PCr] to produce the same [ADP] stimulus 
to oxidative phosphorylation, and vice versa (11). 
However, irrespective of the mechanistic bases for the 
effect, the reduced fall in both [PCr] and pH is likely to 
underpin the enhanced exercise tolerance that has been 
reported during high-intensity exercise following priming 
(2, 33, 48). 
 In conclusion, we have shown that prior high-intensity 
exercise did not reduce either the [PCr] fundamental τ or 
the O2 τp during prone knee-extension exercise, even 
during moderate-to-high-intensity transitions that would 
be expected to involve a greater contribution from higher-
order fibers that are especially sensitive to limitations in 
O2 supply (6, 45).  It appears that the prone body position 
that was a feature of our study did not amplify the 
characteristic slowing of [PCr] or O2 kinetics for work-
to-work exercise such that an enhanced O2 delivery 
following priming did not impact on the time constants of 
[PCr] or O2.  Priming significantly reduced the 
amplitudes of the [PCr] and O2 slow components, 
attenuated the fall in pH, and reduced the ΔiEMG during 
high-intensity exercise.  These effects indicate a reduced 
rate of fatigue development following priming, which 
might be linked to a reduced requirement for delayed-
onset muscle fiber activation as high-intensity exercise 
proceeds.  
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Chapter 9: General Discussion 
 
“And so, it is important to consider not simply what the well-fit τ reveals, but also what 
it might conceal.” (Whipp and Rossiter, 2005).   
 
Kinetics is defined as “the science of the action of force in producing or changing 
motion,” (Chambers English Dictionary) and correct application of the term, therefore, 
is as a singular noun.  Indeed, this appears consistent with its use to describe the 
dynamic adaptation of O2 to an increase in contractile activity (e.g., O2 on-kinetics at 
exercise onset) because pulmonary O2 is considered to reflect a response that can be 
attributed predominantly to the muscle fibres contributing to the exercise challenge 
(Barstow et al., 1990; Grassi et al., 1996; Krustrup et al., 2009).  However, if this 
population comprises contractile units that respond differently (e.g., with different 
inertia and/or efficiency), this response heterogeneity would be masked within the 
homogenised pulmonary signal.  Heretofore, our understanding of metabolic diversity 
in different muscle fibre types has been primarily gained from research with isolated 
rodent muscle preparations (Wendt and Gibbs, 1973; Crow and Kushmerick, 1982; 
Reggiani et al., 1997; Behnke et al., 2003; McDonough et al., 2005).  The purpose of 
this thesis was to investigate whether similar diversity exists in discrete segments of the 
motor unit recruitment pool in vivo in exercising humans. 
 
Justification of the work-to-work model for assessing fibre-type diversity 
Four of the five investigations that comprise the experimental chapters of this thesis 
involve use of the ‘work-to-work’ exercise model to isolate metabolic response 
diversity in different muscle fibre types.  Prior to summarising the findings from these 
investigations, it is important to justify use of this model for this purpose.  Work-to-
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work exercise is differentiated by three distinct features that could independently or 
collectively be responsible for the slower phase II O2 response that has been observed 
under these circumstances: 
1.) an elevated baseline heart rate; 
2.) an elevated baseline metabolic rate ( O2); 
3.) an elevated baseline work rate.  
Acceptance of the work-to-work model as a vehicle for unveiling response 
characteristics of discrete segments of the motor unit recruitment pool requires 
confirmation of #3 via refutation of #1 and #2.   
 
Work-to-work effect: elevated baseline heart rate 
As outlined in Chapter 2, Hughson and Morrissey (1982) suggested that sluggish O2 
delivery due to an elevated baseline HR and consequent shift from parasympathetic 
towards sympathetic HR control might be responsible for slower work-to-work O2 
kinetics.  This suggestion is refuted by the following findings from Chapter 4, which 
support previous ones (e.g., Wilkerson and Jones, 2006; Wilkerson and Jones, 2007) 
that show a dissociation between HR kinetics and O2 kinetics during high-intensity 
work-to-work cycle exercise: 
• no lengthening of the HR p for the work-to-work condition (37± 14 s and 36 ± 17 
s for U→S and M→S Unprimed, respectively) despite an elevated baseline HR 
(unprimed, 79 ± 6 b·min-1; primed, 98 ± 10 b·min-1); 
• a significantly longer O2  p for the work-to-work condition (33 ± 8 s and 42 ± 15 
s for U→S and M→S Unprimed, respectively) despite no lengthening of the     
HR p (see above). 
More importantly, use of extreme pedal rates during moderate cycling in Chapter 7 
allowed for an assessment of the degree to which the HR adaptation to exercise 
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influences the O2 response during cycling that was exclusive to the moderate-intensity 
domain (i.e., the region assessed by Hughson and Morrissey (1982) where the effect of 
a shift from parasympathetic to sympathetic activation should be most profound).  
Specifically, even though moderate transitions were initiated from a baseline of 20-W 
cycling at both pedal rates, differences in both the cardioacceleratory stimulus derived 
from the degree of movement and the need to provide blood flow to support the 
oxidative cost of a greater amount of internal work (Francescato et al., 1995) resulted in 
a baseline HR that was, on average, 26 b·min-1 higher during 20-W cycling at 115 
compared to 35 rev·min-1.  Furthermore, the lack of these components at 35 rev·min-1 
resulted in a HR response that was essentially unchanged compared to resting HR 
during baseline cycling at this cadence.  Collectively, this suggests that the 
parasympathetic mechanism for accelerating HR was available at 35, but not at 115 
rev·min-1 (Yamamoto et al., 1991), and this is confirmed by the HR p values for the 
moderate transitions at the different pedal rates (15 ± 15 s and 52 ± 23 s for 35 rev·min-1 
and 115 rev·min-1, respectively; P < 0.05).  Finally, these values are similar to those 
reported by MacPhee et al. (2005) for knee-extension exercise in the lower (~21 s) and 
upper (~42 s) moderate regions, which supports the contention that the 
parasympathetic-to-sympathetic shift that has been suggested to differentiate transitions 
in the upper compared to lower moderate region (Hughson and Morrissey, 1982) also 
differentiated transitions to the same relative moderate intensity (95% cadence-specific 
GET) at 115 compared to 35 rev·min-1 in the investigation performed in Chapter 7.   
 
Despite a markedly slower HR adaptation during moderate transitions at 115 compared 
to 35 rev·min-1, there was no significant difference in the O2 τp at extreme pedal rates 
(26 ± 7 s and 29 ± 8 s for U→M at 35 and 115 rev·min-1, respectively).  It is also 
interesting to note that HR kinetics, which was significantly faster than O2 kinetics at 
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35 rev·min-1, became significantly slower than O2 kinetics at 115 rev·min-1 and, 
nevertheless, O2 kinetics was unaltered.  This latter observation has resonance with the 
findings of MacPhee et al. (2005), who observed slower HR and leg blood flow kinetics 
in the upper compared to lower moderate region that were still appreciably faster than  
O2 kinetics.  This would not be expected if HR/leg blood flow was rate-limiting the    
O2 response. 
 
In addition to a lack of association for changes in HR and O2 kinetics for moderate-
intensity transitions at 115 compared to 35 rev·min-1 (e.g., r = 0.22; P > 0.05), there was 
also no agreement between changes in these two parameters for U→M v. U→H, U→H 
v. M→H or U→M v. M→H at either extreme pedal rate in Chapter 7.  For example, 
while O2 kinetics was significantly slower for M→H compared to U→M at both 35 
and 115 rev·min-1, HR kinetics was invariant across transitions at 115 rev·min-1 and, 
although slower for M→H at 35 rev·min-1, changes in the two parameters were 
uncorrelated.   
 
Further insight regarding the degree to which characteristics of the work-to-work O2 
response can be attributed to limitations in HR/bulk O2 delivery under these 
circumstances can be gained from the experiments performed in Chapters 4 and 5 where 
prior high-intensity exercise that increases tissue oxygenation (Burnley et al., 2002a; 
Fukuba et al., 2002; DeLorey et al., 2004; DeLorey et al., 2007; Jones et al., 2008; 
Layak et al., 2009) was used to prime the subsequent work-to-work response during 
upright cycle and prone knee-extension exercise.  If work-to-work slowing under these 
circumstances (i.e., during exercise with the active musculature at/below heart level) 
was related to insufficient O2 delivery, priming should have accelerated the sluggish 
response.  Instead, there was no significant difference in the O2 τp after priming 
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(Chapter 4: 42 ± 15 s and 42 ± 17 s for M→S Unprimed and M→S Primed, 
respectively; Chapter 5: 37 ± 5 s and 38 ± 9 s for M→H Unprimed and M→H Primed, 
respectively).  Collectively, and in concert with previous research (e.g., Wilkerson and 
Jones, 2006; Wilkerson and Jones, 2007), these findings from Chapters 4, 5 and 7 
provide strong evidence that slower O2 kinetics during work-to-work transitions is not 
related to changes in the HR (and, by extension, bulk O2 delivery) kinetics. 
 
Work-to-work effect: elevated baseline metabolic rate ( O2) 
By its very nature, a transition to a higher work rate from an elevated baseline work rate 
will also be characterised by a higher metabolic rate prior to the transition (e.g., baseline 
O2 was ~64% higher for M→S Unprimed compared to U→S in Chapter 4).  Therefore, 
instead of, or in addition to, differences that can be attributed to the specific population 
of muscle fibres that are isolated under these circumstances, O2 kinetics could also be 
different during work-to-work transitions because of changes in the response 
characteristics of already-contracting fibres that would not be active (i.e., consuming O2 
at an increased rate) at baseline if a transition to the same work rate was initiated from 
rest/unloaded cycling.  For example, considering models of respiratory control that have 
been advanced to explain regulation of mitochondrial function (Mahler, 1985; Meyer, 
1988; Meyer, 1989), cellular O2 consumption might increase slower in already-active 
fibres due to alterations in free ADP concentration and/or Pi via Michaelis-Menten 
enzyme kinetics (Chance and Williams, 1955).   Furthermore, greater perturbation of 
the phosphorylation potential might be necessary to elicit a given increase in respiratory 
rate.  Alternatively, or in addition, mitochondrial respiration might exhibit rate-
dependent sensitivity to changes in Gibbs free energy of cytosolic ATP hydrolysis 
(∆GATP) that results in an increased ATP requirement for a given change in contractile 
activity at higher power output (Jeneson et al., 1995).  A decreased ∆GATP is present 
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when phosphorylation potential is reduced.  Finally, the role of calcium as a feed-
forward mediator of respiratory control might be adversely affected in active fibres 
during work-to-work transitions due to changes in cytosolic [Ca2+] and/or ∆GATP 
(Hansford, 1994).  Regardless of the mechanism, however, acceptance of the work-to-
work model as a means for isolating response characteristics that are specific to discrete 
segments of the motor unit recruitment pool is only valid if an increased baseline 
metabolic rate ( O2) independent of an increased baseline work rate does not elicit a 
similar work-to-work effect (i.e., does not lengthen O2 τp). 
 
In most of the investigations that have analysed the influence of priming exercise on     
O2 kinetics, baseline O2 was elevated prior to the subsequent exercise bout; therefore, 
findings from these investigations can help to resolve whether an elevated O2 alone 
elicits the characteristic work-to-work exercise effect .  However, many of these studies 
separated priming and criterion bouts with somewhat lengthy periods of rest (e.g., six 
minutes) such that the O2 elevation that was present at subsequent-bout onset was 
rather modest.  Consequently, a direct comparison with the elevated baseline O2 for the 
work-to-work conditions assessed within the experimental chapters of this thesis is 
dubious.  However, Bailey et al. (2010) recently investigated six different combinations 
of prior exercise intensity and recovery duration, one of which required that subjects 
perform a transition to high-intensity cycling (80%∆) after a prior bout of high-intensity 
cycling (70%∆) plus three minutes of 20-W cycling.  This resulted in a baseline O2 that 
was, on average, ~330 ml·min-1 greater prior to the subsequent bout and, nevertheless, 
as was the case with previous studies that assessed priming, τp was not lengthened by 
the intervention (31 ± 9 s and 28 ± 7 s for control and elevated baseline O2, 
respectively (Bailey et al., 2010).  This demonstrates that phase II O2 kinetics is not 
slowed consequent to an elevated baseline O2 per se. 
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To further resolve whether an elevated baseline O2 independent of an elevated baseline 
work rate could contribute to, or even be solely responsible for, the work-to-work 
exercise effect, pilot testing was done in conjunction with the experiments conducted 
for this thesis.  Specifically, seven subjects performed a typical work-to-work exercise 
bout (high-intensity cycling at 60%∆ initiated from moderate-intensity cycling at 95% 
GET) and τp for this transition (M→H) was compared to τp for two consecutive bouts of 
high-intensity cycling initiated from a baseline work rate of 20 W.  Importantly, the 
time separating these two bouts was specifically chosen for each subject such that the 
baseline O2 from which the second transition was initiated was approximately equal to 
the baseline O2 for the M→H transition (i.e., the moderate intensity steady state O2).  
Consequently, this double square-wave bout provided data for both a transition to high-
intensity cycling from an unloaded baseline (first bout; U→H) and a transition to high-
intensity cycling from an elevated O2 with the same unloaded baseline (E→H).   
 
Table 9.1 presents the parameters of import for each subject in the pilot testing detailed 
above and Figure 9.1 depicts the group mean O2 response (normalised to the absolute 
O2 amplitude upon completion of the fundamental response phase) for U→H, E→H 
and M→H cycling transitions.  As is apparent, phase II O2 kinetics was only slower 
when work rate was elevated prior to the high-intensity transition. 
 
Work-to-work effect: elevated baseline work rate 
Absence of evidence linking the work-to-work effect with HR and/or O2 elevation 
implicates increased work rate at exercise onset as the feature that is responsible for 
unique aspects of these transitions.  Consequently, use of this model in Chapters 4-7 is 
justified for providing insight into metabolic response characteristics specific to discrete 
segments of the motor unit recruitment pool.  Furthermore, in Chapters 7 and 8, 
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Table 9.1: Baseline O2 and τp values for seven subjects who performed cycling transitions 
to a high-intensity work rate (60%∆) from either unloaded (U→H and E→H) or 
moderate-intensity (M→H) baseline pedalling.  E→H was performed directly 
after U→H and a period of 20-W cycling (mean ± SD, 61 ± 12 s; range, 45-75 
s) that was specifically selected for each subject such that the baseline O2 prior 
to the transition was similar to the baseline O2 prior to M→H.  *Significant 
difference compared to the other two transitions (P < 0.05).  See text for further 
details.   
   
   
Sub 
 
Mod 
(W) 
High 
(W) 
U→H 
Transition 
E→H 
Transition 
M→H 
Transition 
   Base O2 
(L·min-1) 
τp 
(s) 
Base O2 
(L·min-1) 
τp 
(s) 
Base O2 
(L·min-1) 
τp 
(s) 
1 143 324 1.03 18 2.06 18 2.01 29 
2 114 288 1.05 28 1.98 30 1.94 40 
3 81 228 1.08 43 1.56 33 1.54 45 
4 100 251 0.93 30 1.56 28 1.62 76 
5 76 258 1.09 25 1.78 24 1.67 36 
6 90 230 1.25 31 1.62 35 1.65 62 
7 114 247 1.15 24 1.88 23 1.93 51 
Mean 103 261 1.08* 28 1.78 27 1.77 48* 
SD 23 34 0.10 8 0.21 6 .019 16 
  
extremely slow and fast cycling cadences were investigated for the same purpose (Chapter 
7, in conjunction with work-to-work exercise; Chapter 8, exclusively).  It is generally 
accepted that the recruitment of higher-order fibres (i.e., fibres with faster twitch 
characteristics) is enhanced at greater contraction frequencies (Sargeant, 1999; MacIntosh 
et al., 2000; Sargeant, 2007) and this has been cited as justification for use of cadence 
extremes to analyse the effect of manipulated fibre-type recruitment on O2 kinetics (e.g., 
Barstow et al., 1996; Pringle et al., 2003b; see Table 2.2).  However, considering that rate 
of energy turnover at a given power output (including 20-W baseline cycling) is greater at 
high compared to low contraction frequencies (Francescato et al., 1995; Ferguson et al., 
2001), it is interesting to note that high-intensity cycling in these previous investigations 
was initiated from baseline work rates that were adjusted to compensate for this difference  
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Figure 9.1: Group mean O2 response where O2 is expressed relative to the absolute O2 
amplitude upon completion of the fundamental response phase.  Closed 
triangles represent the U→H condition, closed squares represent the M→H 
condition, and open circles represent the E→H condition.  Vertical dashed line 
indicates the abrupt transition to the high-intensity work rate.  Note that the 
phase II O2 uptake kinetics is markedly slower for M→H transitions; 
however, this characteristic work-to-work effect is absent for E→H.  This 
provides evidence that the effect occurs due to an elevated work rate, as 
opposed to an elevated metabolic rate ( O2) per se.          
 
(Barstow et al., 1996; Pringle et al., 2003b).  This normalisation procedure would 
necessarily blunt the disparity between fibre recruitment patterns at slow and fast cadences 
because the increased work required at baseline for slower cadences would create work-to-
work exercise conditions thereby isolating response characteristics of higher-, as opposed 
to lower-order fibres.  For example, Barstow et al. (1996) reported that the work rate 
required to establish a similar baseline O2 progressively increased at the slower pedal 
frequencies they assessed such that a work rate that was ~35 W greater was required at 
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their slowest cadence (45 rev·min-1) to match baseline O2 at their fastest (90 rev·min-1).  
Owing to the greater disparity between cadences that were investigated within this thesis, 
the requisite work rate would have been substantially greater (e.g., 116 ± 28 W at 35 
rev·min-1 to match 20 W at 115 rev·min-1). 
 
In an attempt to maximise differences in muscle fibre-type recruitment at fast compared to 
slow cycling cadences in Chapters 7 and 8, baseline work rate was not adjusted at the slow 
cadence to normalise baseline O2.  Consequently, in addition to differences in fibre 
recruitment that can be attributed to the same power output being sustained at a faster 
contraction frequency, manipulation of pedal frequency for these investigations also 
provides for work-to-work exercise conditions due to the increased amount of internal work 
being performed during 20-W cycling at the fast pedal cadence.  All five experiments 
within this thesis are, therefore, based on the work-to-work exercise model, either solely 
(Chapters 4-6), in conjunction with manipulation of pedal rate (Chapters 7) or exclusively 
via manipulation of pedal rate (Chapter 8). 
 
Work-to-work effect: at extreme pedal cadences 
Collectively, findings from Chapters 4-7 provide evidence for the work-to-work model in 
conjunction with manipulation of pedal rate as a powerful means for assessing the 
influence of muscle fibre recruitment on O2 kinetics.  Specifically, Table 9.2 presents 
results that show how the lengthening of O2 τp that is present for M→H compared to 
U→M transitions at slow (Chapters 5 and 7) and mid-range (Chapter 6) contraction 
frequencies is exacerbated at extremely fast cycling cadences (Chapter 7).  This occurs 
despite a similar primary phase ∆[HHb]/∆ O2 (an index of fractional O2 extraction; 
DeLorey et al., 2007) during high-intensity cycling at extreme cadences (i.e., at 35 and 115
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Table 9.2: Phase II τ values for unloaded-to-moderate and moderate-to-high-intensity 
cycling and knee-extension exercise transitions at different contraction 
frequencies.  Combined data from Chapters 5, 6 and 7.  *Significant difference 
compared to U→M condition ( P <  0.05).  
 
Mode of Exercise Contraction frequency 
(contractions·min-1) 
U→M 
 
M→H 
 
Upright Cycling 35 26 ± 7 36 ± 8 * 
Knee-extension 40 26 ± 8 37 ± 5 
Upright Cycling 80 26 ± 7 38 ± 10 * 
Upright Cycling 115 29 ± 8 53 ± 20 * 
 
rev·min-1; Chapter 8) which, in conjunction with previous findings (e.g., Ferguson et al., 
2001; Ferreira et al., 2006a), implies that bulk O2 delivery is not restricted at rapid 
contraction frequencies.  It can, therefore, be concluded that recruitment of a different 
fractional portion of the motor unit recruitment pool is responsible for both work-to-work 
slowing and cadence-related amplification of this effect. 
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Key findings from experimental chapters 
Muscle fibre type and O2 availability 
To elucidate why τp is longer in high- compared to low-order fibres (i.e., in M→H 
compared to U→M transitions), subjects performed work-to-work exercise after prior high-
intensity priming exercise (Chapters 4, 5 and 6) and in the supine body position (Chapter 
6).  Priming a subsequent exercise bout is useful for determining whether O2 kinetics is 
rate-limited by O2 availability because high-intensity prior exercise increases muscle blood 
flow and indices of tissue oxygenation before and during a subsequent exercise bout 
(Burnley et al., 2002a; Fukuba et al., 2002; DeLorey et al., 2004; DeLorey et al., 2007; 
Jones et al., 2008; Layak et al., 2009).  Conversely, during supine exercise and any other 
contractile activity with the active musculature at or above heart level, the gravitational 
assist to muscle blood flow is absent, perfusion pressure is reduced and the adaptation of O2 
delivery is slowed (MacDonald et al., 1998).  Therefore, if the lengthened τp that high-order 
fibres demonstrate under normal exercise conditions (i.e., with the exercising musculature 
below heart level) reflects O2-dependent regulation in these fibres (e.g., see Chapter 2), the 
supine posture should exacerbate this lengthening and priming should shorten τp for both 
upright and supine work-to-work transitions.  
 
As was expected, τp was longer for M→H compared to U→M transitions (see Table 9.2).  
Furthermore, the supine posture lengthened τp during M→H cycling by an additional ~50% 
(Chapter 6).  However, while priming did shorten τp to the upright control condition value 
for M→H supine cycling, it did not affect the parameter in either instance when only 
‘normal’ work-to-work slowing was present (42 ± 15 v. 42 ± 17 s and 37 ± 5 v. 38 ± 9 s for 
unprimed and primed upright cycling and knee-extension exercise, respectively; Chapters 4 
and 5).  Interestingly, τp for [PCr], which was not significantly different from τp for O2 in 
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either the unprimed or primed states, was also unaltered by priming (37 ± 11 v. 34 ± 12 s 
for unprimed and primed knee-extension exercise, respectively; Chapter 5).  Collectively, 
these findings support the role of [PCr] as a critical rate modulator of O2 kinetics (Mahler, 
1985; Meyer, 1988; Meyer, 1989) and confirm that type II fibres are sensitive to decreased 
O2 availability.  However, they do not support the notion that insufficient bulk O2 delivery 
under normal circumstances is responsible for the sluggish O2 kinetics in higher-order 
fibres. 
 
Figure 9.2 presents an attempt to reconcile these observations from human muscle in vivo 
with those gleaned from rat/mouse muscle in vitro (see Chapter 2).  The depicted schematic 
is a modified version of the model proposed by Poole and Jones where O2 delivery only 
affects O2 kinetics when a critical tipping point that separates O2-delivery independent and 
dependent zones is crossed (Poole and Jones, 2005; Poole et al., 2007; Poole et al., 2008).  
However, in this case, instead of a single whole-muscle continuum (e.g., see Figure 2.6), 
separate ones are depicted for type I and type II fibres.  (Note: More gradual gradations in 
metabolic function from one end of the fibre-recruitment hierarchy to the other might very 
well render this two-tiered depiction a gross oversimplification.) 
 
The fibre-type specific tipping point  
In Figure 9.2, Xn represents the point on each fibre-type-specific continuum where fibres 
operate under normal circumstances.  As is apparent, Xn for type II fibres is situated further 
to the left on the x-axis, which reflects the fact that these fibres receive less blood flow to 
support any given O2 including that required at rest (Behnke et al., 2006).  The 
consequence of this characteristic is that type II fibres must rely more on fractional O2 
extraction at rest and during both low- and high-intensity contractile activity (Behnke et al., 
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2003; McDonough et al., 2005; Behnke et al., 2006) and failure to do so to a sufficient 
extent will result in O2 dependency and resultant slowing of O2 kinetics.  Therefore, the 
fibre-type-specific proximity of Xn to the tipping point (dashed vertical line) is a critical 
metabolic characteristic because the divide represents a ‘buffer zone’ reflective of the 
capacity of the fibre to increase O2 extraction and preserve τp when tissue oxygenation is 
reduced.  Findings from in-vivo human muscle during exercise that support the positioning 
of Xn with respect to the tipping point can be found in the data presented in Chapter 6, 
 
Figure 9.2: Illustration of a modified version of the tipping point theory that demarcates a 
fibre-type-specific degree of influence that O2 availability plays in setting the 
phase II O2 time course.  In the original model advanced by Jones and Poole 
(2005), no distinction was made for muscle fibre type.  Xn, ‘normal’ position; 
Xs, position for supine exercise (blood flow restriction); Xp, position for primed 
exercise (blood flow enhancement); Xfp position for ‘fast’ primed exercise.  
Note: Within this portrayal, “muscle O2 availability” represents bulk blood 
flow/O2 delivery to the region.  Distribution of that flow is responsible for the 
relative position of Xn on the x-axis.  See text for further explanation.  
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which were acquired when subjects performed U→M and M→H cycling transitions in both 
the upright and supine body positions.  A key result from this study was that τp was 
unchanged in the supine compared to upright position for U→M and this preservation of   
O2 kinetics in the face of reduced oxygenation occurred in conjunction with a significantly 
greater ∆[HHb]/∆ O2 (i.e., fractional O2 extraction; DeLorey et al., 2007).  Conversely, the 
significant lengthening of τp that occurred for the supine compared to upright M→H 
transition (see above) was accompanied by an unchanged ∆[HHb]/∆ O2 and faster [HHb] 
kinetics (a reduced [HHb] slow component and shortened [HHb] MRT).  In light of these 
observations, Xs has been positioned in Figure 9.2 to represent the point on each fibre-type-
specific continuum where fibres operated in the supine position and Xs←Xn, therefore, 
indicates the fibre-type-specific effect of that degree of reduced oxygenation on O2 
kinetics. 
 
The precipitous fall and transient overshoot of PmvO2 at the onset of contractile activity in 
type II fibres (McDonough et al., 2005) could be interpreted as evidence that these fibres 
likely demonstrate a lengthened τp (Crow and Kushmerick, 1982) because their O2 kinetics 
is O2 dependent (Behnke et al., 2002a; see Chapter 2).  However, as stated above, priming 
(i.e., increased tissue oxygenation) only reduced the M→H τp when τp was further 
lengthened by the supine posture.  Conversely, for upright M→H, τp was unchanged after 
priming (Chapter 4).  In light of these observations, Xs→Xn (diagonally downward shift to 
the right) and Xn→Xp (horizontal shift to the right) represent the effect of increased tissue 
oxygenation on type II fibres operating in the O2-delivery dependent and independent 
zones, respectively.    
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Given the different PmvO2 profiles observed for type I and type II fibres (Behnke et al., 
2003; McDonough et al., 2005), it is interesting to consider why Xn is not positioned to the 
left of the tipping point on the type II fibre continuum for healthy human muscle in vivo.  
One possible explanation is that by selecting type I and type II rat muscle with similar 
citrate synthase activity to control for oxidative capacity (i.e., remove the confounding 
variable of a faster rate of O2 utilisation in type I fibres), the conclusions drawn by Behnke 
et al. (2003) might only be applied with caution to ‘typical’ human muscle in vivo.  For 
example, an innate sluggishness in the ability to use the O2 that is available for 
consumption for type II fibres in vivo might render sufficient their limited capacity to 
increase fractional O2 extraction, thereby allowing them to still operate at or to the right of 
the tipping point during metabolic transitions.  Consequently, (albeit innately slower) O2 
kinetics will be preserved.  This explanation is consistent with the findings of Ferreira et al. 
(2006b), who measured muscle blood flow alongside PmvO2 and reported what would be 
expected given previous findings – an upward shift of the hyperbolic a-vO2 diff-to- O2 
relationship (i.e., greater fractional O2 extraction to support a given O2) and a lower y-
intercept (i.e., blood flow at rest) in type II fibres.  However, these researchers also found 
that the slope of the blood flow-to- O2 relationship was similar in muscles of different fibre 
types and oxidative capacities.  This apparent matching of O2 delivery to utilisation (albeit 
from a lower starting point) as contractile intensity is increased is consistent with the notion 
that reduced blood flow that mandates increased O2 extraction might only place type II 
fibres precariously close to (as opposed to entrenched within) the O2-delivery dependent 
zone (Figure 9.2).  Furthermore, this would explain a rightward horizontal (as opposed to 
diagonal downward) Xn→Xp (i.e., why priming does not reduce the upright M→H τp; 
chapters 4 and 5). 
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Muscle fibre type and metabolic inertia 
In addition to the relevance of fibre-type-specific placement of xn on the x-axis in Figure 
9.2, it is also interesting to consider its relative positioning on the y-axis.  Specifically, 
despite the fact that type II fibres operate in the O2-independent zone when uncompromised 
tissue oxygenation is present (see above), τp is still longer compared to type I fibres (Crow 
and Kushmerick, 1982; Pringle et al., 2003a).  Slower O2 kinetics under these 
circumstances suggests a restricted ability to use the O2 that is available and this is 
supported by findings of Kindig et al. (2003), who assessed the regulatory effect of O2 
concentration on oxidative phosphorylation by manipulating extracellular PO2 in isolated 
single myocytes of Xenopus laevis, a frog muscle that lacks myoglobin.  Using 
phosphorescence quenching techniques to determine the fall in intracellular PO2 (which, in 
the absence of myoglobin, is proportional to the rise in O2) from rest across a bout of high-
intensity contractions, these researchers showed that to achieve peak metabolic rates in this 
glycolytic muscle, O2 was required at levels significantly higher than what would be 
expected physiologically in vivo.  However, the initial rate of change in intracellular PO2 
(i.e., initial rise in O2) was not increased at higher extracellular PO2 values (i.e., when a 
higher driving gradient for O2 flux was present; e.g., a very high critical PO2 of ~54 Torr 
was estimated).  The authors concluded that myocytes with low oxidative capacity may not 
be limited by O2 even when extracellular PO2 is very low because O2 does not play an 
integral role in setting the initial metabolic response in these myocytes (Kindig et al., 
2003). 
 
A reduced capacity for type II fibres to use available O2 could reflect greater oxidative 
enzymatic inertia (Staron, 1997) and/or slower [PCr] dynamics (Söderlund and Hultman, 
1991; Kindig et al., 2005; Jones et al., 2008).  Regardless of the mechanistic basis, 
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however, this fibre-type-specific characteristic is important because a slower O2 response 
engenders a greater O2 deficit that must be endured during the initial stage of exercise (see 
Figure 1.1).  It is, therefore, interesting to consider interventions that could help to rectify 
this innate sluggishness.  For example, in Chapter 8, τp for U→H cycling at both extreme 
pedal rates was decreased following a fast-cadence priming bout (i.e., during 115→35 and 
115→115) and this change (depicted in Figure 9.2; see Xn→Xfp) was accompanied by 
NIRS-derived evidence that [O2Hb] and total [Hb] were significantly greater in the area of 
interrogation (vastus lateralis) after priming.  However, a slower rate of [HHb] adaptation 
(e.g., increased [HHb] TD and/or τ and/or MRT), which would be expected if a limitation 
in bulk O2 supply had been circumvented (e.g., see DeLorey et al., 2004), was not present 
for either transition.  Furthermore, [O2Hb] and total [Hb] were also increased during 
35→115 (i.e., when slow-cadence cycling not specific to higher-order fibres was used to 
prime the subsequent fast-cadence response), but under these circumstances, O2 kinetics 
was unchanged.  Collectively, these observations cohere with the notion that the lengthened 
τp in higher-order fibres (e.g., 48 ± 16 s v. 31 ± 7 s in the unprimed control condition for 
115 and 35 rev·min-1 cycling, respectively; Chapter 8) is not the result of these fibres 
operating in the O2-dependent zone under normal conditions (see above and Figure 9.2). 
 
While bulk O2 delivery did not discriminate the presence or absence of accelerated O2 
kinetics in Chapter 8, O2 extraction did.  Specifically, ∆[HHb]/∆ O2 was increased during 
the fundamental O2 response phase during both 115→35 and 115→115 (i.e., when τp was 
shortened by priming), but not during 35→115 (i.e., when no priming-induced change of τp 
took place).  This is consistent with a priming-induced O2-independent τp shift (i.e., 
Xn→Xfp lies completely to the right of the tipping point in Figure 9.2).  It is also interesting 
to note that despite a presumed similarity in O2 availability at cadence extremes in the 
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unprimed control condition (e.g., see Ferguson et al., 2001; Ferreira et al., 2006a), τp was 
longer for fast-cadence cycling (see above) and there was no significant difference in 
fundamental ∆[HHb]/∆ O2 between cadences.  Collectively, these findings support the 
contention that there is innate sluggishness in the ability for type II fibres to use O2 that is 
available for consumption and the only way to rectify this is to improve their ability to 
extract that O2 from the blood (e.g., by fast-cadence priming; Chapter 8). 
 
Fibre-type specific metabolic inertia: directions for future research 
Before leaving this topic, it is interesting to consider other interventions that might be fibre-
type-specific with respect to facilitating a downward shift of xn on the y-axis in Figure 9.2 
(i.e., reducing the metabolic inertia that rate limits O2 kinetics under normal conditions in 
both principal fibre types).  For example, if Meyer’s analogue model of respiratory control 
(see Figure 2.7) is accurate, the creatine kinase reaction acts as a capacitor for oxidative 
phosphorylation and is, therefore, an important mediator of metabolic inertia.  Accordingly, 
it is not surprising that increasing muscle total creatine content (which provides the stored 
charge on the capacitor) via creatine loading results in slower muscle [PCr] (and, 
presumably, O2; see Chapter 2, but also see Jones et al., 2002) kinetics across transitions 
from rest to both moderate- and high-intensity knee-extension exercise (Jones et al., 2009).  
Conversely, at the onset of isometric tetanic contractions in Xenopus isolated single 
myocytes, acute creatine kinase inhibition results in a more rapid fall in intracellular PO2 
(indicative of accelerated oxidative phosphorylation and, therefore, analogous to a 
shortened O2 τp in this model) (Kindig et al., 2005).  However, although elegant in both 
cases, these findings do not discern the degree to which these effects were fibre-type 
specific.  Use of the work-to-work model in the former case (in-vivo creatine loading) and 
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analysis of muscles of disparate fibre-type in the latter (in-vitro creatine kinase inhibition) 
could provide this insight.  
 
Similar to creatine kinase inhibition, it has been shown that inhibition of nitric oxide (NO) 
synthesis results in faster phase II O2 kinetics in humans at the onset of both moderate 
(Jones et al., 2003) and high-intensity (Jones et al., 2004b), and also supramaximal 
(Wilkerson et al., 2004a), cycling.  This acceleratory effect is presumed to occur due to 
removal of NO inhibition of key tricarboxylic acid/electron transport chain enzymes and/or 
its competition for O2 binding at cytochrome c oxidase (Shen et al., 1994).  Regardless of 
the mechanism, however, removal of any NO-related metabolic inertia would allow 
increased O2 extraction to support a more rapid O2 increase at exercise onset.  
 
With respect to fibre-type specific effects of NO, it is interesting to note that the tendency 
for τp to grow longer as exercise intensity was increased across the three studies mentioned 
above (e.g., ~22 s, ~25 s and ~36 s for moderate, heavy and supramaximal transitions, 
respectively) was abolished when NO production was inhibited (Jones et al., 2003; Jones et 
al., 2004b; Wilkerson et al., 2004a).  Furthermore, the speeding of O2 kinetics following 
NO synthesis inhibition during supramaximal cycling was significantly correlated with the 
absolute value of τp in the control condition (Wilkerson et al., 2004a).  Collectively, these 
observations are consistent with greater NO-mediated metabolic inertia in higher-order 
fibres.  However, all transitions in these studies were initiated from a baseline of 20-W 
cycling and, therefore, although a wide range of intensities were spanned, results for below 
GET and above GET transitions reflect response profiles for only an homogenous pool of 
low-order fibres and an heterogeneous pool of mixed fibres, respectively.  Furthermore, 
during heavy exercise, the O2 slow component was increased by this intervention (Jones et 
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al., 2004b), which is not consistent with faster kinetics and further suggests that higher-
order fibres (often assumed to be associated with this phenomenon; e.g., see Barstow et al., 
1996; Pringle et al., 2002a; Pringle et al., 2002b) might experience a different effect.  NO 
has myriad physiological functions including vasodilation in contracting muscles at 
exercise onset (Moncada et al., 1991); therefore, its inhibition has the potential to cause a 
transient reduction or greater heterogeneity of blood flow in active muscle during exercise 
(Dyke et al., 1995; Radegran and Saltin, 1999).  This decreased oxygenation could increase 
the amplitude of the O2 slow component (Koga et al, 1999) either directly and/or indirectly 
via changes in motor unit activation patterns (Moritani et al., 1992).  If this was the case, 
the shortened τp that was observed despite this restriction provides further evidence that the 
fibres defining the primary response under these circumstances (i.e., predominantly type I 
fibres) benefit from a ‘buffer zone’ that protects against τp lengthening (see Figure 9.2).  At 
any rate, an increased O2 slow component and possible fibre-type-specific differences of 
the effect on τp suggest that work-to-work exercise could be a useful model to employ in 
conjunction with NO inhibition. 
 
Motor unit activation and the O2 slow component  
It is attractive to speculate upon an association between delayed-onset motor unit activation 
and the O2 slow component (Whipp, 1994; Gaesser and Poole, 1996; Jones et al., 2005).  
However, to date, a review of the literature reveals equivocal findings with respect to a 
definitive link between time-dependent increases in neuromuscular activity during supra-
GET exercise and the continued rise in  O2 (see Tables 2.3 and 2.4).  Four of the five 
investigations that comprise the experimental chapters of this thesis include the use of 
electromyography to quantify gross electrical activity of active muscle during exercise and 
from these measurements, changes in motor unit activation (i.e., recruitment and rate 
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coding) as exercise proceeds can be inferred.  In addition, three of these investigations also 
detail electromyographic changes after high-intensity priming, which can alter the 
amplitude of the O2 slow component under some circumstances.  Findings from these four 
chapters, therefore, provide considerable insight that helps to resolve previous ambiguity 
regarding: 1) the presence of a delayed-onset iEMG change accompanying the O2 slow 
component during high-intensity exercise (e.g., Scheuermann et al., 2001; Sabapathy et al., 
2005; Bailey et al., 2010); and 2) the association between priming-induced slow component 
alterations and changes in motor unit activation patterns (e.g., Scheuermann et al., 2001; 
Burnley et al., 2002a; Bailey et al., 2010). 
 
Does iEMG change with time during high-intensity exercise? 
If the O2 slow component reflects changes in motor unit activation as high-intensity 
exercise proceeds (e.g., Chapter 2; Theories 1, 2 and 3 on pp. 84-85), a significant 
difference should exist between iEMG at the end of supra-GET exercise and values 
measured during early stages (i.e., ∆iEMG should be positive).  Conversely, during 
moderate exercise, iEMG should remain relatively stable throughout.  The following 
findings from the experimental chapters of this thesis support these contentions: 
• For vastus lateralis during unprimed and primed R→M knee-extension exercise at 
~15% MVC (no O2 slow component present), mean iEMG during minute six was 
not significantly different from mean iEMG during minute one (Chapter 5; Figure 
4). 
• For vastus lateralis during unprimed and primed U→M supine cycling at ~95% 
GET (no O2 slow component present), mean iEMG at minute six was not 
significantly different from mean iEMG at minute two (Chapter 6; Figure 6). 
 Chapter 9: General Discussion: Key findings from experimental chapters                        191
 
• For vastus lateralis and gluteus maximus during slow- and fast-cadence U→M 
cycling at 95% GET (no O2 slow component present in either case), summed mean 
iEMG at minute six was not significantly different from summed mean iEMG at 
minute two (Chapter 7; Figure 3). 
• For vastus lateralis during U→H and unprimed M→H cycling at 70%∆ ( O2 slow 
component equivalent to ~23% of the overall O2 response in both cases), mean 
iEMG at minute six was significantly greater than mean iEMG at minute two 
(Chapter 4; Figure 5).  (Note: the terms “U→S” and “M→S” that are used in 
Chapter 4 are synonymous with the terms “U→H” and “M→H,” which are used 
throughout the rest of this thesis and in these passages.) 
• For vastus lateralis during unprimed M→H knee-extension exercise at ~35% MVC 
( O2 slow component equivalent to ~41% of the overall O2 response), mean iEMG 
during minute six was significantly greater than mean iEMG during minute one 
(Chapter 5; Figure 4). 
• For vastus lateralis during unprimed and primed M→H supine cycling at 70%∆    
( O2 slow component equivalent to ~17% and ~21% of the overall O2 response, 
respectively), mean iEMG at minute six was significantly greater than mean iEMG 
at minute two (Chapter 6; Figure 6). 
• For vastus lateralis and gluteus maximus during fast-cadence U→H and M→H 
cycling at 60%∆ ( O2 slow component equivalent to ~17% and ~14% of the overall 
O2 response, respectively), summed mean iEMG at minute six was significantly 
greater than summed mean iEMG at minute two (Chapter 7; Figure 3).  
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Furthermore, the ∆ O2/∆iEMG ratio remained stable after minute two throughout both 
unprimed and primed R→M knee-extension exercise (no O2 slow component present in 
either case) and also throughout unprimed and primed M→H knee-extension exercise ( O2 
slow component present in both cases) (Chapter 5; Figure 5).  Collectively, these findings 
from Chapters 4-7 provide strong support for the notion that changes (or lack thereof) in 
motor unit activation as exercise proceeds is a major determinant of a slow component 
increase (or lack thereof) in the pulmonary O2 response.  However, the following findings 
from the experimental chapters of this thesis do not support this contention. (Note: See    
“ O2 slow component: delayed-onset fibre activation” below for potential reconciliation of 
these differences): 
• For vastus lateralis during primed M→H cycling at 70%∆ ( O2 slow component 
equivalent to ~15% of the overall O2 response), mean iEMG at minute six was not 
significantly different from mean iEMG at minute two (Chapter 4; Figure 5). 
• For vastus lateralis during primed M→H knee-extension exercise at ~35% MVC   
( O2 slow component equivalent to ~22% of the overall O2 response), mean iEMG 
during minute six was not significantly different from mean iEMG during minute 
one (Chapter 5; Figure 4). 
• For vastus lateralis and gluteus maximus during slow-cadence U→H and M→H 
cycling at 60%∆  ( O2 slow component equivalent to ~12% and ~14% of the overall 
O2 response, respectively), summed mean iEMG at minute six was not 
significantly different from summed mean iEMG at minute two (Chapter 7; Figure 
3). 
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Are priming-induced changes in O2 kinetics reflected in altered iEMG?  
If the O2 slow component reflects changes in motor unit activation (see above), a priming-
induced decrease of slow component amplitude (i.e., the characteristic prior-exercise 
effect) should be accompanied by a decreased ∆iEMG.  Conversely, in circumstances 
where the prior-exercise effect is not present, ∆iEMG should be unaltered by priming.  The 
following findings from the experimental chapters of this thesis support these contentions: 
• For vastus lateralis during primed M→H cycling at 70%∆ (priming-induced O2 
slow component reduction of ~43%), ∆iEMG(6-2) was significantly lower compared 
to unprimed M→H cycling at 70%∆ (Chapter 4; Figure 5). 
• For vastus lateralis during primed M→H knee-extension exercise at ~35% MVC 
(priming-induced O2 slow component reduction of ~46%), the significant 
difference in mean iEMG for minute six compared to minute one that was present 
during unprimed M→H knee-extension exercise at ~35% MVC was ablated 
(Chapter 5; Figure 4). 
• For vastus lateralis during primed M→H supine cycling at 70%∆ ( O2 slow 
component unchanged compared to the unprimed control condition), ∆iEMG(6-2) 
was not significantly affected by priming (Chapter 6; Figure 6). 
Furthermore, despite a marked difference in the O2 response to M→H knee-extension 
exercise after priming, the ∆ O2/∆iEMG ratio after minute two was not significantly 
different for the unprimed and primed conditions (Chapter 5; see Figures 1 and 5, 
respectively).  Collectively, these findings from Chapters 4-6 are consistent with the 
notions that: 1) the O2 slow component reflects changes in motor unit activation during 
high-intensity exercise; and 2) changes in delayed-onset motor unit activation after priming 
play an important role in the altered O2 profile that is observed.  However, there was no 
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significant correlation between the reduction in the amplitude of the O2 slow component 
and the reduction in ∆iEMG(6-2) after priming during upright M→H in Chapter 4, which 
implies further complexity. 
 
O2 slow component: delayed-onset fibre activation 
The majority of the findings presented above suggest that a time-dependent increase in 
neuromuscular activation does differentiate exercise above compared to below GET (i.e., 
exercise characterised by the presence or absence of a O2 slow component, respectively).  
For example, of the 11 high-intensity exercise conditions for which electromyographic data 
was collected in the experimental chapters of this thesis, seven were characterised by a 
significant increase of iEMG with time.  Conversely, none of the six moderate transitions 
that were assessed displayed a similar change.  Furthermore, it is interesting to note that 
two of the four high-intensity conditions for which iEMG did not change with time (M→H 
Primed cycling and M→H Primed knee-extension exercise in Chapters 4 and 5, 
respectively) involved bouts that were performed after high-intensity priming.  It has been 
suggested that priming lowers motor unit recruitment thresholds during subsequent 
exercise such that more high-threshold fibres are activated at or close to exercise onset 
(Burnley et al., 2002a; Burnley et al., 2005; Bailey et al., 2010).  More fibres contributing 
to power production early in a primed bout would explain the increased absolute amplitude 
for the fundamental O2 response that is typically observed after priming (Burnley et al., 
2001; e.g., see Chapter 4, Table 2) and also the decreased O2 slow component if less high-
threshold motor units were subsequently recruited as exercise proceeded (Burnley et al., 
2005).  Consequently, a priming-induced change similar to that which has been suggested 
(Burnley et al., 2002a; Burnley et al., 2005; Bailey et al., 2010) (which would be consistent 
with the reduced ∆iEMG that was present for the primed compared to unprimed condition 
 Chapter 9: General Discussion: Key findings from experimental chapters                        195
 
for each of these transitions; see above) could explain why iEMG did not change with time 
during each of these primed bouts.  However, while the O2 slow component was markedly 
reduced for each of these transitions, it was not totally eliminated; therefore, attributing its 
existence exclusively to delayed-onset motor unit activation under normal (i.e., unprimed) 
circumstances might be inappropriate. 
 
With respect to high-intensity conditions within the experimental chapters of this thesis that 
were not characterised by a significant increase of iEMG with time, in addition to cycling 
and knee-extension M→H after priming, iEMG also remained stable during both U→H 
and M→H cycling at 35 rev·min-1 (i.e., an extremely slow pedal rate) (Chapter 7; see 
Figure 3).  Interestingly, the slow component only represented ~12% and ~14% of the total 
O2 response under these circumstances, which is less than what is typically present during 
unprimed upright cycling at 80 rev·min-1 (e.g., ~23% and ~19% for U→H and ~23% and 
~22% for M→H; Chapters 4 and 6), but similar to what was observed during upright 
M→H cycling at 80 rev·min-1 after priming (~15%; Chapter 4).  Given that a priming-
induced elimination of ∆iEMG was associated with a slow component reduction of ~43% 
for that transition, these observations could be interpreted as evidence that under normal 
exercise conditions (i.e., unprimed cycling at mid-range pedal rates), approximately half of 
the O2 slow component can be attributed to delayed-onset fibre activation.  Conversely, 
after priming and at extremely slow pedal cadences (i.e., at contraction frequencies that are 
better suited to lower-order fibres), the O2 rise during what is considered the slow 
component phase would be mediated by factors other than delayed-onset fibre activation – 
factors that typically comprise the other ~50% of the slow component response under 
normal conditions.  
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O2 slow component: reduced efficiency in initially-active fibres 
In addition to explaining how a slow component can be present without delayed-onset 
iEMG changes (e.g., Scheuermann et al., 2001; Garland et al., 2006; Chapters 4, 5 and 7), a 
slow component that can potentially comprise multiple contributing factors also helps to 
explain how O2 can stay constant in the presence of falling power output (equivalent to a 
rise in O2 during constant-load exercise) in maximally-activated dog muscle in situ 
(Zoladz et al., 2008).  (Note: This effect is also evident when humans perform all-out 
exercise and O2 remains at its maximum while power output falls; e.g., see Vanhatalo et 
al., 2007).  Theoretically, such a temporal reduction in muscle efficiency in a model where 
no additional fibre recruitment can occur must be related to energetic changes in initially-
recruited fibres; i.e., either a progressive increase in the ATP required for a given tension 
production and/or a progressive decrease in the high-energy phosphate produced per given 
unit O2 consumed (Zoladz et al., 2008).  However, during knee-extension exercise in 
humans, the slow component increase in O2 is mirrored by a slow component decrease in 
intramuscular [PCr] (Rossiter et al., 2002a; Rossiter et al., 2002b; Chapter 5), which is only 
consistent with the former.  An increase in the ATP cost of tension development could 
occur due to a fatigue-induced reduction in ∆GATP either independently or in association 
with changes in sarcoplasmic reticulum Ca2+ pump efficiency (Zoladz et al., 2008).  
Regardless of the mechanistic basis, however, it is likely that if initially-recruited fibres did 
experience this loss of contractile efficiency, the effect would be greater in fatigue-sensitive 
higher-order fibres (Jones et al., 2005; Sargeant and de Haan, 2006).   
 
The O2 slow component: response heterogeneity in initially-active fibres  
The two mechanisms suggested above to explain the sustained O2 rise during high-
intensity exercise both with and without a delayed-onset iEMG increase are markedly 
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different; however, each is based upon the notion that fatigue-related changes precipitate 
the rise.  However, in addition to a time-dependent loss of contractile efficiency, it is also 
possible that the portion of the slow component that is not attributable to delayed-onset 
fibre activation (i.e., ~50% under normal circumstances; see above) might at least partially 
reflect response heterogeneity in initially-active fibres.  It is generally assumed that the 
slow component is of delayed-onset (Barstow and Mole, 1991; Paterson and Whipp, 1991); 
however, this is far from certain.  For example, Whipp et al. (2005) suggest that although 
the slow component appears to be delayed with respect to the fundamental O2 rise that 
occurs at exercise onset, the degree of overlap between the confidence limits of the (usually 
continuing) phase II exponential and the additional O2 increase is considerable.  
Furthermore, Whipp and Rossiter (2005) illustrate a ten-compartment model for the 
fundamental O2 component that incorporates a wide range of τ and/or G values and, 
nevertheless, differs only subtly (and, therefore, with inherent noise, is functionally 
indistinguishable from) a single exponential (Brittain et al., 2001; Whipp and Rossiter, 
2005; Whipp et al., 2005; see Figure 9.3).  This means that considerable metabolic 
response heterogeneity in a recruited pool during a U→H transition could be hidden within 
what might be an oversimplified model comprising a fundamental exponential and singular 
delayed-onset supplemental phase (see Figure 2.11). 
 
An interesting finding in Chapter 4 that has resonance with this speculation is that the 
amplitude of the O2 slow component was reduced for M→S Unprimed compared to U→S.  
This coheres with a previous report for M→H high-intensity exercise (Wilkerson and 
Jones, 2006) and is, at face value, counterintuitive on numerous fronts.  For example, given 
the likelihood that higher-order fibres play a prominent role in each of the slow component 
delayed-onset scenarios advanced above, a reduction in association with a model that
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Figure 9.3: A schematic illustration of how a ten-compartment response model comprising 
input from muscle fibres expressing a range of τ and G values can present a 
‘mean response profile’ that is functionally indistinguishable from a 
monoexponential response.  In this case, the model is used to explain why 
transitions in the upper region of the moderate domain (i.e., comprising input 
from motor units 6-10; see upper panel) are characterised by a lengthened τp 
compared to transitions in the lower moderate region.  When all fibres are 
included in one full transition (bottom panel), an intermediate value for τp is 
present for the ‘monoexponential’ response profile that is observed.  Reprinted 
from Brittain et al. (2001).   
 
isolates the response characteristics of these fibres (see above) is difficult to reconcile.  
Furthermore, unlike the ~43% slow component reduction that was observed for M→S 
Primed compared to M→S Unprimed in the same investigation, this ~24% reduction 
occurred in the absence of a significant change in ∆iEMG(6-2) (see Chapter 4, Figure 5).  It 
is also unlikely that this would reflect a priming effect because prior research indicates that 
the intensity of a priming bout must be sufficient to result in residual metabolic acidosis 
(i.e., be performed above the GET) (Gerbino et al., 1996; Burnley et al., 2000) and the 
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elevated baseline that M→S Unprimed was initiated from (90% GET) would not fulfil this 
requirement.  Finally, compared to U→S, MRT was actually ~16% longer for M→S 
Unprimed, which contrasts the prior-exercise effect and is consistent with the notion that 
the ‘slow response’ characterising U→S was still present, but in ‘reclassified’ form. 
 
If the slower phase II O2 response during M→H exercise reflects redefinition of the phase 
by a more homogenous group of high-order fibres with slower O2 kinetics (Wilkerson and 
Jones, 2006; Wilkerson and Jones, 2007; see above), the multi-compartment model 
suggested by Whipp and Rossiter (2005) would be ‘stretched’ to the right and, therefore, 
able to accommodate longer τ values compared to the range covered when lower-order 
fibres predominantly defined the exponential (e.g., during similar transitions initiated from 
an unloaded baseline).  Conversely, if U→H transitions typically required the initial 
activation of a much more heterogeneous pool including higher-order fibres with extremely 
long τ values, these profiles might project past the range that comprised the best-fit phase II 
exponential under these circumstances, thereby ‘creating’ a response phase that appeared to 
be of delayed onset (or at least adding to the delayed-onset component that is attributable to 
the mechanisms speculated upon above).  A slow component reduction during M→H 
could, therefore, simply reflect reclassification of this segment of the slow component 
during U→H to the response phase where it rightfully belongs (Wilkerson and Jones, 2006; 
see Chapter 2; Theory 5 on pg. 85).   
 
The speculation above suggests that the work-to-work model discriminates aspects of the 
slow component that are based upon changes that occur as exercise proceeds (i.e., serial 
recruitment of additional muscle fibres and/or a progressive loss of contractile efficiency; 
see above) from those that are attributable to response heterogeneity in initially-recruited 
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fibres.  Wilkerson and Jones (2006) suggest that this distinction might be intensity 
dependent.  For example, they speculate that during heavy exercise, the slow component 
might predominantly reflect response heterogeneity, whereas once CP is exceeded, time-
dependent changes also contribute.  This would explain why O2 reaches an (albeit 
elevated) steady state in the former case, but rises inexorably until exhaustion in the latter 
(Poole et al., 1988).  Furthermore, this model would predict that during an M→H transition 
to heavy exercise, the slow component would be eliminated completely.  Interestingly, 
Wilkerson and Jones (2006) found that to be the case for three of their seven subjects 
during M→H transitions to 40%∆, which is an intensity that should be close to CP for most 
subjects (Poole et al., 1988; Wilkerson et al., 2004c).  It is, therefore, possible that for those 
three individuals, the relative challenge during these transitions was sufficiently sustainable 
(non-exhaustive; i.e., below CP) so as to mandate no delayed-onset changes in fibre 
activation or contractile efficiency as exercise progressed. 
 
A slow component comprising sluggish response profiles of initially-active fibres might 
also explain the presence of a ‘delayed-onset’ O2 rise without iEMG increase during high-
intensity cycling at 35 rev·min-1 (Chapter 7).  For example, compared to 115 rev·min-1, τp 
values for U→M, U→H and M→H spanned a far narrower range at the slow cadence (see 
Chapter 7, Figure 4) which, in accordance with the speculation above, is consistent with the 
notion that a more homogenous group of low-order fibres defined the phase II exponential 
under these circumstances (i.e., when contraction frequency did not favour fibres with 
faster-twitch characteristics).  Consequently, profiles of higher-order fibres that had to be 
recruited at exercise onset would not be accommodated within phase II and a slow 
component would be created by response heterogeneity.  Conversely, despite the similar 
relative intensity at the different pedal rates (60% cadence-specific ∆), the slow component 
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could lack a delayed-onset segment under these circumstances because the fatigue as 
exercise proceeds is less.  Indeed, the significantly lower ∆blood [lactate] that was 
observed during high-intensity cycling at 35 compared to 115 rev·min-1 supports the notion 
that cycling at the slow pedal rate engendered less metabolic stress.     
 
Following this line of reason, during high-intensity cycling at 115 rev·min-1, fibre 
recruitment was skewed toward fatigue-sensitive higher-order fibres such that the delayed-
onset aspects of the slow component would be present.  However, this skewing would also 
result in a marked slowing of the phase II exponential (e.g., τp of ~48 and ~53 s for U→H 
and M→H, respectively), which would allow the response profiles of initially-recruited 
higher-order fibres to be accommodated and, therefore, isolated out of the slow region.  
The end result would be what was observed – a slow component of similar magnitude at 
extreme cadences despite the absence and presence of a delayed-onset iEMG increase at 35 
and 115 rev·min-1, respectively.  
 
If this model is correct and cadence extremes discriminate two different aspects of the  O2 
slow component, it might be reasonable to suggest that high-intensity cycling at mid-range 
pedal rates (at least above CP) would comprise both constituents.  However, in such a bout, 
the reduced ∆blood [lactate] that is typically observed after priming (e.g., see M→S 
exercise in Chapter 4) would be consistent with reduced fatigue, possibly due to more 
favourable initial fibre recruitment (Burnley et al., 2002a; Burnley et al., 2005).  According 
to the speculation above, this would approximately halve the slow component amplitude 
(i.e., facilitate the characteristic prior-exercise effect) by eliminating the delayed-onset 
segment.  Completing the circle, therefore, the fact that the slow component is reduced, but 
not eliminated (i.e., the ‘half’ reflecting response heterogeneity is still present) after 
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priming supports the notion that priming does not accelerate sluggish phase II O2 kinetics 
in higher-order fibres under normal circumstances (see Figure 9.2) because if it did, the 
more homogenous initial response would allow for a slow-to-primary amplitude shift  (and 
consequent further reduction or elimination of the slow component) for at least some of 
these initially-recruited fibres. 
 
Further evidence that the two (post-phase-I) compartment O2 response to high-intensity 
exercise might misrepresent more complex underlying physiology comes from previous 
findings of the effect of a supine body posture on O2 kinetics during U→H cycling.  While 
it is well established that a slower overall O2 response is present under these 
circumstances (Cerretelli et al., 1977; Leyk et al., 1992; Koga et al., 1999; Denis and 
Perrey, 2006; Jones et al., 2006), a common consensus regarding the precise location of the 
slowing from those investigations that partitioned O2 kinetics into discrete components is 
lacking.  For example, at the same absolute work rate, Koga et al. (1999) found a reduction 
in the amplitude of the phase II response and an increase in the amplitude of the slow 
component during supine cycling with no significant difference in τp.  Conversely, Jones et 
al. (2006) observed no change in either response-phase amplitude, but a lengthened τp (on 
average, ~31%) during supine cycling at the same absolute work rate, although inter-
subject variability precluded attainment of statistical significance.  Finally, Denis and 
Perrey (2006) reported a significantly lengthened τp along with an unchanged Gp and slow 
component relative amplitude at the (approximately) same relative work rate (25 W above 
posture-specific ventilatory threshold), although the slow component was reduced in 
absolute terms in that investigation.    
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New findings from Chapter 6 help to reconcile this prior ambiguity and further suggest that 
response heterogeneity can blur the distinction between fundamental and slow O2 response 
phases during U→H transitions.  Specifically, the O2 MRT (a parameter that reflects the 
time course of the entire O2 response) was significantly lengthened when subjects cycled 
at the same relative intensity (70% posture-specific ∆; ~97% posture-specific O2peak at 
minute six) during supine U→H transitions, which supports the previous findings.  
However, there was no significant difference in either τp or Gp/slow component amplitude, 
and when data were inspected on an individual-subject basis, the reason for this unexpected 
result became apparent.  Consequent to the supine posture, five participants demonstrated a 
lengthening of τp (on average ~40%), whereas Gp was reduced and slow component 
amplitude increased for three.  Furthermore, two of these eight subjects experienced both 
forms of slowing.   
 
These results indicate that the supine posture (and, presumably, consequent reduction of 
tissue oxygenation) can exert its influence during U→H by lengthening τp and/or shifting 
response-phase amplitudes, with the specific effect(s) dependent upon the subject being 
tested.  However, during supine M→H, τp was lengthened in all eight subjects.  This is 
consistent with the notion that a slower initial response in higher-order fibres was 
responsible for the slowing in both circumstances regardless of how it manifested during 
U→H where increased fibre-type diversity created greater complexity in the homogenised 
pulmonary signal.  This inability to differentiate between τp changes and reciprocal 
amplitude shifts during U→H might also explain contrasting findings that have previously 
been reported regarding the effect of priming on O2 kinetics.  For example, while the vast 
majority of studies suggest that the characteristic prior-exercise effect (i.e., the priming 
effect under normal exercise conditions) does not include an accelerated phase II response, 
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Tordi et al. (2003) reported that prior multiple-sprint cycling resulted in a significant 
reduction of τp from 29 to 22 s during severe-intensity cycling.  Given the present 
findings that fast-cadence cycling (which is similar to sprint cycling) reduced τp during 
subsequent U→H cycling by increasing O2 utilisation (i.e., decreasing metabolic inertia) in 
higher-order fibres (see Xn→Xfp on Figure 9.2), this result should not be surprising.  
However, in other studies that demonstrated a sprint-priming-induced acceleration of the 
overall O2 response, τp was unchanged and amplitude changes (specifically, a slow-to-
primary shift and projection to a higher asymptote during heavy/severe and supramaximal 
cycling, respectively) took place (Burnley et al., 2002b; Wilkerson et al., 2004b).  In light 
of the speculation presented above, it is possible that these amplitude alterations do reflect 
τp shortening, which would also be consistent with what has been reported for amphibian 
and mammalian muscle following prior contractions (i.e., an accelerated fall in 
microvascular PO2 that is consistent with decreased metabolic inertia) (Hogan et al., 2000; 
Behnke et al., 2002b). 
 
O2 slow component: directions for future research 
In the preceding sections, three distinct mechanisms have been suggested that might 
potentially underpin the O2 slow component under different circumstances during high-
intensity exercise.  Although consistent with past and present findings, much of this is 
speculative and requires validation.  For example, the conjecture regarding what the slow 
component reflects for severe compared to heavy exercise can be explored by defining 
exercise intensity relative to CP instead of ∆ when investigating the phenomenon.  In this 
regard, it is interesting to note that of the 26 studies that have used electromyography 
and/or magnetic resonance imaging to examine the relationship between fibre activation 
and the O2 slow component during constant-load exercise (the 22 listed in Tables 2.3 and 
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2.4, and the four included in the experimental chapters of this thesis), only one (Garland et 
al., 2006) performed CP testing to precisely define the intensity of the exercise bouts that 
they were assessing (in that case, heavy).  This is, perhaps, understandable, given that 
heretofore, CP determination required that subjects perform multiple (e.g., 4-6) constant-
work-rate exercise bouts to exhaustion on separate days to establish their power/time 
hyperbola (Poole et al., 1988).  Obviously, this testing regime would have to be completed 
prior to even beginning the experimental portion of an investigation (i.e., constant-load 
tests definitively above and/or below CP for simultaneous O2 and fibre activation 
measurement); therefore, its use for this purpose would be difficult to manage.  However, it 
has recently been shown that a single, three-minute all-out cycling test against a fixed 
resistance can be used to accurately predict CP by expending the finite capacity for work 
above CP prior to end exercise (Vanhatalo et al., 2007; Vanhatalo et al., 2008).  Employing 
this test and subsequent sub- and supra-CP constant-load tests with electromyographic or 
MRI measurement is an important direction for future research because it could provide a 
way to determine if muscle activation patterns are different during heavy- and severe-
intensity exercise.  
 
The distinction (or lack thereof) between the primary and slow response phases is another 
aspect of the slow component that should be investigated more in the future.  This can be 
explored by using work-to-work transitions and pedal rate extremes in conjunction with 
other interventions that have been shown to alter either τp or response-phase amplitudes.  
These include hypoxic gas inspiration (increased τp, unaltered amplitudes; Engelen et al., 
1996), hyperoxic gas inspiration (no change in τp, decreased slow component, unchanged 
or increased primary amplitude; MacDonald et al., 1997; Wilkerson et al., 2006) and 
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sodium bicarbonate ingestion (no change in τp or primary amplitude, ‘reduced’ slow 
component – i.e., P = 0.08; Berger et al., 2006). 
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Limitations to the present research 
Confidence in modelled O2 kinetics parameter estimates 
By far, the most restrictive limitation in virtually all O2 kinetics investigations is the 
challenge to achieve sufficient confidence in parameter estimates derived from modelled 
fits.  For example, Hughson (2005) questions the ability to resolve “real differences” in τp 
values due to breath-to-breath variability in the pulmonary O2 signal and cites evidence to 
suggest that as much as a 40% difference in τp might not be considered significant.  This 
means that conclusions that an intervention does not alter τp must be drawn with caution 
(Hughson, 2005).  As is standard in this field of research, attempts were made to enhance 
signal-to-noise ratio prior to modelling data in this thesis (see Chapter 3); however, M→H 
transitions provide added difficulty in this regard.  For example, it is generally believed that 
breath-to-breath variability is not influenced by metabolic rate and, therefore, becomes a 
diminishing portion of the O2 response as amplitude increases (Whipp and Rossiter, 
2005).  Consequently, large work-rate increments are beneficial for reducing the negative 
impact that this inherent noise can present.  Larger work-rate increments are present when 
well-conditioned, larger subjects complete transitions that span the greatest possible work-
rate range given the restrictions imposed by the intensity domain being studied (e.g., 20-W 
cycling to 95% GET and 20-W cycling to 70%∆ for U→M and U→H, respectively).  
However, by their very nature, M→H transitions will necessitate a reduced range due to the 
elevated baseline.   
 
M→H transitions are also problematic because it is difficult to counter this reduced work-
rate range.   For example, a similar range will typically be spanned during U→M 
transitions due to the ceiling imposed by GET; however, in this case, because the exercise 
only presents a moderate challenge, repeat trials can be performed after a relatively short 
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rest period on the same day.  Consequently, the fact that breath-to-breath variability will 
comprise a greater portion of the response amplitude during U→M can be countered by 
averaging more repeat trials.  Conversely, it is not advisable to perform multiple high-
intensity transitions on a single day; therefore, it is difficult to envision a testing regimen 
that would allow for more than three repeat trials of any M→H transition, especially when 
multiple conditions (e.g., upright, unprimed supine and primed supine; Chapter 6) are being 
assessed.  It is also necessary to consider the possibility that a training effect might occur if 
too many repeat transitions of high-intensity exercise are performed (Phillips et al., 1995).  
Such a change over time would confound the purpose of ensemble averaging, which is to 
use ‘like transitions’ to smooth the data.  Finally, an even greater challenge was present 
during M→H at 115 rev·min-1 (Chapter 7) because breath-to-breath variability for a given 
subject was typically greater at this rapid cadence.  U→M and U→H at 115 rev·min-1 
(Chapters 7 and 8) were also adversely affected in this regard and a further difficulty with 
these transitions was that they are characterised by reduced response amplitudes due to the 
increased O2 requirement of the unloaded cycling baseline.        
 
Use of electromyographic data to infer motor unit activation 
All of the findings regarding motor unit activation in this thesis are based upon inferences 
drawn from electromyographic data collected during exercise.  There are problems 
associated with this approach.  For example, despite the filtering process that was 
employed (see Chapter 3), inherent noise might still be present in the signal and this could 
make it difficult to establish a relationship between this variable and another one that is 
fraught with measurement variability such as O2 (Jones et al., 2005).  For example, while 
it is reasonable to suggest that the reduction in the O2 slow component that was observed 
after priming in Chapter 4 resulted from the reduced ∆iEMG(6-2), these changes were not 
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significantly correlated (r = 0.28; P > 0.05).  Furthermore, it is possible that muscle fibre 
recruitment patterns will vary across different muscles with the passage of time during 
high-intensity exercise (Jones et al., 2005).  This would confound the association between 
an iEMG measurement that is based solely upon one muscle (or even two; e.g., Chapter 7) 
and O2 measured at the lung during exercise like cycling where a relatively large number 
of muscles are contributing to power production.  It is also important to note that the iEMG 
signal does not differentiate between motor unit recruitment and rate coding in active 
fibres; therefore, the more generic “motor unit activation” has been referred to within this 
thesis.  Consequent to all of these limitations, Jones et al. (2005) suggest that the results of 
O2 kinetics studies that include EMG assessment should be interpreted carefully and that 
warning is duly heeded.      
 
Use of near-infrared spectroscopy data to infer muscle O2 extraction 
A number of methodological concerns exist with regard to the use of NIRS to infer 
fractional muscle O2 extraction and, therefore, changes that might be precipitated by a 
specific intervention (e.g., priming or the supine posture, Chapters 6 and 8) during exercise.  
For example, it is presently unclear whether NIRS optical parameters (e.g., the differential 
path length factor and the degree of light scattering) change during constant-load exercise.  
If they do, this could make it difficult to confidently quantify absolute changes in O2 
extraction resulting from an intervention (e.g., priming exercise; Chapters 6 and 8).  While 
∆HHb was normalised to O2 so that O2 extraction in relative terms could be compared 
within this thesis, if these factors were different across different interventions (e.g., extreme 
pedal rates, body position and/or priming), this comparison would be affected.  
Furthermore and similar to EMG, NIRS data within this thesis only reflect changes within 
one muscle contributing to power production (vastus lateralis); therefore, comparisons with 
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whole-body O2 should be made judiciously.  Finally, it is important to note that NIRS 
data only reflect changes within the superficial area of the muscle under interrogation and 
there is evidence to suggest considerable spatial heterogeneity in the NIRS response at 
different measurement sites on the quadriceps muscle during cycle exercise (Koga et al., 
2008).   
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Conclusions 
Hypothetical model: fibre-type diversity and O2 kinetics  
The hypothetical model that follows depicts a proposed effect of fibre-type diversity on     
O2 kinetics.  It employs the same schematic representation of muscle fibres that was 
presented previously (see Figure 2.8) and is based upon the present findings in conjunction 
with suppositions that have been advanced previously to explain O2 deviations from 
linearity during work-to-work exercise (Brittain et al., 2001; Wilkerson and Jones, 2006; 
Wilkerson and Jones, 2007).  The model is constructed in accordance with the following 
general assumptions: 
• The population of muscle fibres available for recruitment within an active muscle 
during cycle ergometer exercise comprises an array that express different oxidative 
metabolic properties (e.g., τ and G) (Crow and Kushmerick, 1982). 
• While myofibrillar ATPase activity provides a general way to classify fibre types 
according to myosin heavy chain isoform, there is a wide range of 
aerobic/anaerobic enzymatic variation within these groupings (Staron, 1997).  
Consequently, progression through the recruitment hierarchy (Henneman et al., 
1965) spans fibres with a range of oxidative response characteristics that are better 
described along a continuum (Bottinelli and Reggiani, 2000). 
• The force exerted on the pedals during a square-wave transition to supra-GET cycle 
ergometer exercise (e.g., from 20-W cycling to 60-70%∆) requires the initial 
activation of both type I and type II (at least IIa and possibly IIx) muscle fibres 
(Vøllestad et al., 1984; Vøllestad and Blom, 1985; Krustrup et al., 2004b).  
• The force exerted on the pedals during supra-GET cycle ergometer exercise (e.g., at 
60-70%∆) requires the initial (and also, possibly, delayed-onset) activation of a pool 
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of fibres of sufficient expanse so as to traverse a considerable range of oxidative 
response heterogeneity (Wilkerson and Jones, 2006). 
 
Figure 9.4 illustrates the full pool of muscle fibres assumed to be available for recruitment 
in a prime mover muscle during cycle ergometer exercise.  As was the case in Figure 2.8, 
fibres are represented by horizontal bars, the heights of which indicate their place along the 
recruitment hierarchy.  Also similar to Figure 2.8, oxidative/non-oxidative capacity of the 
various fibre types is indicated by the red and blue shadings, respectively, and the O2 
response profiles specific to fibres residing along the continuum are indicated in the boxes
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.4: The full pool of muscle fibres available for recruitment in a prime mover 
muscle during cycle ergometer exercise and associated oxidative response 
profiles.   
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above.  For clarity, these characteristics are assumed to be homogenised at extreme ends of 
the spectrum and only to be variable in mid-range.  However, as indicated in Figure 2.8 and 
suggested by Brittain et al. (2001), it is possible that even the type I fibre pool includes 
some degree of metabolic diversity.  Furthermore, while a three-group classification system 
is used for simplicity, as noted previously for the fibre-type-specific tipping point, more 
gradual gradations in metabolic function from one end of the spectrum to the other might 
very well also render this depiction something of an oversimplification. 
 
Hypothetical construct 1: O2 response to moderate-intensity exercise   
When a transition to moderate-intensity cycle exercise is initiated from a baseline of 
unloaded (i.e., 20 W) cycling, the response characteristics of a relatively homogenous 
group of low-order fibres will define the pulmonary O2 response.  These fibres operate 
well within the O2-independent zone (Chapter 6 and see Figure 9.2), so their response 
inertia is dictated by processes occurring within the cell (i.e., the critical rate modulator; 
e.g., [PCr]/creatine kinase dynamics; Chapter 5) and their τ is as short as possible given 
their present metabolic capacity (e.g., trained versus untrained state).  Figure 9.5 depicts 
this response. 
 
Hypothetical construct 2: O2 response to heavy-intensity exercise   
When a transition to heavy-intensity cycle exercise is initiated from a baseline of unloaded 
(i.e., 20 W) cycling, the response characteristics of a more heterogeneous group of fibres 
will define the pulmonary O2 response.  Consequently, some of the fibres will have longer 
τp values, although metabolic inertia (e.g., greater [PCr] and/or slower response kinetics in 
oxidative enzymes) still modulates their response.  This sluggish response results in both a 
slowing of phase II (which combines some of the high-order responders’ profiles with
 Chapter 9: General Discussion: Conclusions                                                                      214
 
 
Figure 9.5: The pool of muscle fibres recruited in a prime mover muscle during cycle 
ergometer moderate-intensity exercise and associated oxidative response 
profile.   
 
those of lower-order fibres; see above) and a protracted rise that separates from the best-fit 
exponential established by the more homogenised lower group.  Consequently, a O2 slow 
component is ‘created’ with unchanged indices of motor unit activation (i.e., absence of a 
positive ∆iEMG, Chapter 7).  O2 will eventually achieve a steady state once these sluggish 
responses come to fruition; however, the overall G will be greater than during moderate 
exercise because it will represent the phase II response of all involved fibres (low-order 
fibres and higher-order ones that require more ATP per contractile tension developed).  
Figure 9.6 depicts this response. 
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Figure 9.6: The pool of muscle fibres recruited in a prime mover muscle during cycle 
ergometer heavy-intensity exercise and associated oxidative response profile. 
 
 
 
Hypothetical construct 3: O2 response to severe-intensity exercise   
When a transition to severe-intensity cycle exercise is initiated from a baseline of unloaded 
(i.e., 20 W) cycling, the response is initially similar to what occurs during heavy-intensity 
cycling, although a greater drive through the recruitment hierarchy mandates the 
involvement of fibres that are more sensitive to fatigue.  Additional delayed-onset fibre 
activation (i.e., a positive ∆iEMG; Chapters 4, 5, 6 and 7, but see at 35 rev·min-1 in Chapter 
7) and a commensurate inexorable rise in O2 are requisite consequences of this 
involvement.  The magnitude of the O2 slow component is, therefore, greater than during 
TYPE I  
FIBRES
TYPE IIa  
FIBRES 
+ =
VO2 RESPONSE TO 
HEAVY EXERCISE
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heavy cycling (assuming exercise can proceed long enough to allow it to manifest) because 
it includes two different elements – the protracted phase II response profiles of higher-order 
fibres and the delayed-onset changes that occur during fatiguing exercise (i.e., the phase II 
response profiles of fibres that are activated during exercise and possibly an extra O2 cost 
associated with an increased ATP cost of tension development with increasing fatigue).  
Figure 9.7 depicts this response. 
 
 
Figure 9.7: The pool of muscle fibres recruited in a prime mover muscle during cycle 
ergometer severe-intensity exercise and associated oxidative response profile.  
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Hypothetical construct 4: O2 response to work-to-work exercise  
When a transition to severe-intensity cycle exercise is initiated from a baseline of 
moderate-intensity cycling, low-order fibres that are involved in the full severe transition 
(see above) are no longer included.  Consequently, the response characteristics of a more 
homogenous group of fibres will define the pulmonary O2 response and phase II will be 
‘reclassified’ because the best-fit exponential is no longer established by fibres responding 
with a shorter τ and lesser G.  This results in a lengthened phase II τ for M→H v. both 
U→M (Chapters 5, 6 and 7) and U→H (Chapter 4 and 6; but see at extreme pedal rates, 
Chapter 7) transitions.  Furthermore, the O2 slow component will also be redefined 
because only the delayed-onset element will still be present.  Consequently, slow 
component amplitude will be reduced (Chapter 4; but see at extreme pedal rates in Chapter 
7), even though both elements that comprise it are still present (i.e., ∆iEMG is still positive; 
Chapter 4).  Figure 9.8 depicts this response. 
 
Hypothetical constructs 1-4: summary  
Figure 9.9 provides a summary of hypothetical constructs 1-4.  In addition to the present 
body of work, this model helps to explain the following previous findings: 
• a phase II τ that is longer for full heavy-/severe- compared to moderate-intensity 
transitions (for review, see Poole and Jones, 2005); 
• a phase II G that is reduced when a O2 slow component is present (Wilkerson et 
al., 2004c); 
• an end-exercise G that is increased when a O2 slow component is present 
(Linnarsson, 1974; Whipp and Mahler, 1980; Barstow and Mole, 1991);  
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Figure 9.8: The pool of muscle fibres recruited in a prime mover muscle during cycle 
ergometer severe-intensity exercise initiated from a moderate-intensity 
baseline and associated oxidative response profile. 
 
• a phase II τ that is longer for work-to-work compared to full heavy-/severe-intensity 
transitions (Wilkerson and Jones, 2006); 
• a O2 slow component that eventually stabilises at a submaximal O2 steady state 
during heavy-intensity exercise (Poole et al., 1988); 
• no delayed-onset fibre activation during heavy-intensity exercise (Garland et al., 
2006); 
• a O2 slow component that does not stabilise and forces O2 to its maximum 
attainable value during severe-intensity exercise (Poole et al., 1988); 
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• delayed-onset fibre activation during high-intensity exercise (Saunders et al., 2000; 
Perrey et al., 2001; Burnley et al., 2002; Saunders et al., 2003; Sabapathy et al., 
2005; Endo et al., 2007; Bailey et al., 2010); 
• a O2 slow component that is decreased for work-to-work compared to full      
heavy-/severe-intensity transitions (Wilkerson and Jones, 2006).   
 
 
Figure 9.9: A summary of hypothetical constructs 1-4.  See text for further details. 
 
Hypothetical model: intervention-induced alterations in O2 kinetics 
To examine the influence of muscle fibre recruitment on O2 kinetics within the context of 
the hypothetical model being advanced, findings within this thesis were based upon work-
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to-work exercise transitions performed in conjunction with acute interventions that have 
been shown to influence O2 kinetics.  These included high-intensity priming (i.e., exercise 
that elicits the characteristic prior-exercise effect; Burnley et al., 2000; Burnley et al., 
2001; Koppo and Bouckaert, 2001; Scheuermann et al., 2001; Burnley et al., 2002a; 
Burnley et al., 2002b; Endo et al., 2005; Bailey et al., 2010; see Figure 2.5), supine body 
position (Koga et al., 1999; Denis and Perrey, 2006; Jones et al., 2006) and extremely slow 
and fast pedal cadences (Pringle and Jones, 2003b; Migita et al., 2006; Vercruyssen et al., 
2008; see Table 2.2).  Specifically, the degree to which intervention-induced alterations are 
fibre-type specific was explored.   
 
Hypothetical construct 5: O2 response to primed exercise   
Through use of the hypothetical model, Figures 9.10 and 9.11 depict how the characteristic 
effect elicited by priming (reciprocal amplitude shift with unchanged τp; see Figure 2.5) 
might be explained by two distinctly different mechanisms.  As has been previously 
suggested, the unchanged τp could provide evidence that no fibres involved in the transition 
have had their primary response phase accelerated (Burnley et al., 2005; Poole et al., 
2008).  However, if at least part of the O2 slow component represents the protracted 
primary response profiles of initially-recruited higher-order fibres (see above), shortening 
τp in these fibres could manifest as a slow-to-primary amplitude shift if τp was reduced to a 
value similar to τp for the low-order fibres that were defining the best-fit phase II 
exponential under those circumstances (i.e., during a transition from unloaded cycling).  In 
this case, removal of the faster-responding fibres within the work-to-work paradigm would 
result in a ‘reclassification’ of phase II that should allow this priming-induced τp reduction 
to be identified (Figure 9.10).  Conversely, if priming elicits the same amplitude shift 
during work-to-work transitions where phase II has been reclassified, the contention that 
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the amplitude shifts do not represent τp shortening and, instead, might reflect altered fibre 
recruitment (Burnley et al., 2002a; Burnley et al., 2005) would be supported (Figure 9.11) 
and iEMG evidence indicative of such (a reduced ∆iEMG after priming) would be 
expected at least under normal exercise conditions (i.e., for exercise without perfusion 
compromise and/or that does not follow a priming bout comprising extremely rapid 
contraction frequency).  
  
 
Figure 9.10: Two distinctly different alterations can explain the characteristic prior-
exercise effect during full severe exercise transitions.  In this case, priming 
has facilitated oxidative phosphorylation in some sluggish higher-order 
fibres (see altered red shading) thereby reducing their individual τp values so 
that their response amplitude shifts from slow to primary phase (i.e., the 
characteristic amplitude shift occurs; see Figure 2.5).  To the extent of which 
priming a work-to-work transition can distinguish this from the other 
mechanism (depicted in Figure 9.11), results from this thesis refute this 
explanation under normal exercise conditions. 
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Figure 9.11: Two distinctly different alterations can explain the characteristic prior-
exercise effect during full severe exercise transitions.  In this case, no actual 
speeding has taken place and the characteristic amplitude shift (e.g., see 
Figure 2.5) is solely attributable to a priming-induced alteration in fibre 
recruitment.  To the extent of which priming a work-to-work transition can 
distinguish this from the other mechanism (depicted in Figure 9.10), results 
from this thesis support this explanation under normal exercise conditions. 
   
 
Hypothetical construct 6: O2 response to supine exercise 
Performing cycle ergometer exercise in a supine posture with most of the working 
musculature above heart level reduces perfusion pressure due to removal of the 
gravitational assist to muscle blood flow (MacDonald et al., 1998; Koga et al., 1999; Jones 
et al., 2006).  Therefore, by comparing O2 kinetics for U→M and M→H supine cycling 
transitions to that for similar upright cycling (Chapter 6), different susceptibility to 
decreased tissue oxygenation in discrete fibre types was explored.  Through use of the 
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hypothetical model, Figure 9.12 depicts how findings from Chapter 6 (no effect of body 
position on U→M transitions, but increased τp during M→H transitions) should be 
expressed as a reciprocal amplitude shift with unchanged τp during U→H exercise.  
Interestingly, this is the effect previously reported by Koga et al. (1999) and observed for 
five of eight subjects in the present data set.  However, a reduced τp has also been reported 
previously (Denis and Perrey, 2006; Jones et al., 2006) and this effect was also present 
either exclusively or in concert with the reciprocal amplitude shift in the present data.  This  
 
 
 
 
Figure 9.12: Hypothesised effect of supine body posture on O2 kinetics during unloaded-
to-severe full transitions based upon the finding that only type II fibres are 
susceptible to reduced perfusion pressure.  Interestingly, this is not the only 
effect that has been observed in both prior and the present research.  See text 
for further details. 
SLOWED INITIALTYPE II 
RESPONSE 
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suggests greater complexity regarding the two-compartment response and might reflect 
fibre-type diversity in different subjects.   
 
Hypothetical construct 7: τp relationship for U→M, U→H and M→H  
Given the symmetrical nature of the hypothetical fibre-type recruitment model presented 
herein, in theory, one would expect a proportional, incremental (i.e., linear with a positive 
slope) association between τp values within a given subject for lower- (shortest τp), full- 
(intermediate and equidistant τp) and upper- (longest τp) region exercise transitions.  For the 
most part, the individual-subject data reported by Brittain et al. (2001) for moderate 
exercise support such a relationship (see Figure 9.13, Panel A).  However, τp values 
observed by Wilkerson and Jones (2006) for U→M, U→H and M→H show more 
variability and clearly skew toward the upper end (personal communication; see Figure 
9.13, Panel B) even though workload increments were relatively equal (109 ± 36 W for 
U→M, 115 ± 5 W for M→H).  This might indicate that the decrease in oxidative capacity 
as the fibre recruitment hierarchy is progressed is not symmetrical when the drive for 
higher-order fibres becomes substantial (e.g., at 40%∆ compared to 90% GET for 
Wilkerson and Jones v. Brittain et al.).  As is apparent, there is also considerable between-
subject variability with respect to this relationship.  Although speculative, this variability 
could be of physiological origin as different subjects would be expected to have fibre-type 
continuums that are uniquely skewed.  For example, an array that is configured in favour of 
the low-order end might predispose to a full transition τp that does not differ substantially 
from the one characterising the lower transition whereas a greater propensity for high-order 
fibres might skew the relationship in the opposite direction (e.g., see the individual-subject 
relationships indicated by the arrows in Figure 9.13, Panels B and A, respectively, for each 
of these effects).  Of course, this is speculative and would have to be confirmed via direct 
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Figure 9.13: Individual subject phase II τ values for lower, full and upper cycle transitions 
from Brittain et al. (2001) (Panel A) and Wilkerson and Jones (2006) (Panel 
B).  Notice how the expected proportionality (a straight line with a positive 
slope) is skewed in many cases.  See text for further details. 
 
measurement of muscle fibre type (e.g., histochemically from muscle biopsy samples); 
however, it is interesting to note that his inter-subject variability would help to explain the 
findings of Poole and Jones (2005), who determined that despite a 23% lengthening of the 
τp for U→H compared to U→M across 17 studies that analysed these parameters (n = 127), 
in individual investigations, the difference often failed to attain statistical significance.   
 
Given that extreme pedal rates during cycle exercise should also favour fibre types on 
opposite ends of the recruitment spectrum, the hypothetical model advanced above would 
predict that at the same relative exercise intensity, the relationship between τp for U→M, 
U→H and M→H would be altered at extreme pedal rates.  This is depicted in Figure 9.14 
and is precisely what was found in Chapter 7 (see Figure 4), although at the slow 
contraction frequency, the intermediate τp for U→H was also not significantly different 
from the M→H value.  This ‘overlap’ is likely due to the markedly reduced difference 
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Figure 9.14: Hypothesised effect of extremely slow (left panel) and extremely fast (right 
panel) pedal rates on the phase II O2 τ during unloaded-to-moderate (lower), 
unloaded-to-high-intensity (full) and moderate-to-high-intensity (upper) 
cycle ergometer transitions.  See text for justifying rationale. 
 
 
between U→M and M→H extremes at 35 rev·min-1 (i.e., ~9 s compared to ~23 s; see 
Chapter 7, Tables 1 and 2).  Nevertheless, these results support the model and suggest that 
to the extent to which extreme contraction frequencies mimic the influence of inter-subject 
variability due to different fibre-type profiles, the unique τp relationship for U→M, U→H 
and M→H transitions for a given subject might provide a useful way to quantify their fibre-
type phenotype in a non-invasive manner if an association can be confirmed by direct 
measurement. 
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Summary  
The pulmonary O2 response to exercise provides key information about the rapidity with 
which oxidative phosphorylation in activated muscle fibres adapts during a transition to a 
higher work rate.  However, it is important to recognise that considerable fibre-type- 
specific metabolic diversity can exist within a recruited pool and the pulmonary signal 
cannot discern this heterogeneity.  In this thesis, evidence has been presented that supports 
the notion that fibre-recruitment heterogeneity contributing to the pulmonary signal can 
‘create’ a O2 slow component without delayed-onset changes in the O2 cost of contractile 
activity.  Furthermore, in circumstances where delayed-onset changes are present (e.g., 
when iEMG increases during high-intensity exercise), it is likely that the three-
compartment pulmonary O2 model necessarily oversimplifies a more multifaceted muscle 
O2 response.  Muscle fibre recruitment pattern also appears to be a critical determinant of 
changes in O2 kinetics that have been reported when tissue oxygenation is altered.  For 
example, findings contained herein are consistent with the notion that higher-order fibres 
are more susceptible to reduced tissue oxygenation; however, O2 availability does not 
appear to rate modulate their oxidative response.  Consequently, increasing O2 availability 
does not accelerate O2 kinetics in these fibres under normal circumstances.  Instead, much 
like type I fibres, it is likely that the critical rate modulator in higher-order fibres is the time 
course of [PCr] degradation as dictated by the creatine kinase reaction or a related 
mechanism (e.g., the phosphorylation potential, free [ADP], Pi or any combination thereof). 
 
In conclusion, the present thesis has established that muscle fibre recruitment exerts a 
strong influence on the pulmonary O2 response during transitions to higher exercise work 
rates.  Consequently, the influence of muscle fibre recruitment on O2 kinetics is an 
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important factor to consider when using whole body O2 uptake as a proxy for O2 
consumption in contracting skeletal muscle. 
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